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Abstrakt

Pavouci jsou rozmanitou skupinou c¢lenoveli s celosvétovym rozSifenim. Jsou
vyznamnymi predatory a uspésné osidlili vétSinu suchozemskych ekosystému. Navzdory
vyznamu této skupiny jsou informace o jejich karyotypech stdle omezené, a to zejména u
sklipkost, sklipkanti a haplogynnich araneomorfii. Pfedkladand doktorska prace je
zaméiena na evoluci karyotypu vybranych kladt haplogynt a sklipkant, konkrétné na
Celedi Pholcidae a Atypidae. Ke stanoveni karyotypti a vzora nukleolarnich organizatort
(NOR) byly pouzity techniky standardni a molekularni cytogenetiky. Ziskané vysledky
umoznuji revidovat diploidni pocet a systém pohlavnich chromozomu sklipkana Atypus
karschi (Atypidae) a urcit pravdépodobny ancestralni karyotyp rodu Atypus. A. karschi
vykazuje jeden NOR, ktery sousedi s velkym blokem heterochromatinu tvofenym

inaktivovanou rDNA.

Pokud jde o ¢eled’ Pholcidae, ziskané vysledky podstatné zvysuji pocet analyzovanych
druhi této Celedi. Ziskané idaje umoznily poprvé studovat evoluci karyotypu haplogynli
na urovni &eledi, poprvé také evoluci NOR. Pholcidi maji nizké diploidni pocty, 2nd se
pohybuje v rozmezi 9 az 33. V karyotypech pholcidi pifevazuji dvouramenné
chromozomy. V prib¢hu evoluce se diploidni pocty Casto sniZzovaly fuzemi. Morfologie
chromozom vstupujicich do fize se nejprve zmeénila inverzi na akrocentrickou nebo
subtelocentrickou. Systémy pohlavnich chromozomi a vzory NOR jsou velmi
diverzifikované. M¢ studie prokazaly sedm systémi pohlavnich chromozomi, a to X0,
XY, X1X20, X1XoX30, X1X2Y, X1X2X3Y, and Xi1X2X3X4Y. Fylogeneticky piivodni je
systétm X1X2Y, ktery je pravdépodobné ancestralni u araneomorfnich pavoukt. Moje
studie odhalila evolu¢ni plasticitu systému X;X>Y. Jeho evoluce zahrnovala translokace
mezi chromozomy X a Xz, inverze chromozomu X a zvétSeni velikosti chromozomu Y.
Systém X1XoY se u nekterych skupin transformoval na jiné systémy. Systém X;X>0
vznikl ztratou chromozomu Y, systém XY vznikl fuzi chromozomil X. Z téchto systému
vznikl v nékterych evolucnich vétvich systém X0, a to bud’ fizi chromozomi X (ze
systétmu X;X>0), nebo ztratou chromozomu Y (ze syst¢tmu XO0). Systém X;X>X30 u
Smeringopus pallidus vznikl ze systému X;X20, a to bud’ fizi chromozomt X, nebo
X1X2X3X4Y). Tyto systémy vznikly ze systému X;X>Y podobné jako systém nalezeny u
S. pallidus. Pocet lokusi NOR se pohybuje od jednoho do deviti, jsou umistény na

autosomech a Casto se Sifily na pohlavni chromozomy, pravdépodobné ektopickou
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rekombinaci. NORy vazané na pohlavni chromozomy se pravdépodobné podileji na
achiazmatickém pérovani pohlavnich chromozomu. Pocet NOR se v pribéhu evoluce
zvySoval. U n¢kterych skupin se pocet NOR, vcetn¢ NOR vazanych na pohlavni
chromozomy, nasledné snizil. Podobn¢ jako u jinych haplogynii zahrnuje samc¢i meioza
pholcidi difazni stadium a tito pavouci maji v samc¢i meioze obvykle velmi nizky pocet

chiasmat.

Kli¢ova slova: chromozomova prestavba, difuzni stadium, evoluce karyotypu, FISH,
Haplogynae, Mygalomorphae, nukleolarni organizator jadérka, pohlavni chromozom,

rDNA.



Abstract

Spiders are diverse group of arthropods with a worldwide distribution. They are important
predators and colonized successfully most terrestrial ecosystems. Despite importance of
this group, the information about the spider karyotypes is still limited, especially in
mesotheles, mygalomorphs, and haplogyne araneomorphs. The presented Ph.D. thesis is
focused on the karyotype evolution of selected clades of haplogynes and mygalomorphs,
specifically on the families Pholcidae and Atypidae. Techniques of standard and
molecular cytogenetics were used to determine the karyotypes and the pattern of
nucleolus organizer regions (NORs). Obtained results allow to revise the diploid number
and sex chromosome system of mygalomorph Atypus karschi (Atypidae) and determine
probable ancestral karyotype of the genus Atypus. A. karschi exhibits one NOR, which

is adjacent to the large heterochromatin block composed of inactivated rDNA.

Concerning the family Pholcidae, obtained results increase substantially the number of
analysed species belonging to this family. Obtained data allowed to study for the first
time karyotype evolution of haplogynes on a family level, for the first time also the
evolution of NORs. Pholcids show a low diploid number, 2nd' ranges from 9 to 33.
Pholcid karyotypes are predominated by biarmed chromosomes. In the course of
evolution, diploid numbers have often been reduced by fusions. The morphology of the
chromosomes entering the fusion was first changed by inversions to acrocentric or
subtelocentric. The sex chromosome systems and patterns of NORs are very diversifed.
My studies discovered seven sex chromosome systems, namely X0, XY, X;X20,
X1XoX30, X1X2Y, X1XoX3Y, and X1X2X3X4Y. Phylogenetically original is the X1X2Y
system, which is probably ancestral to araneomorph spiders. My study revealed the
evolutionary plasticity of the XiXoY system. Its evolution included translocations
between X; and X» chromosomes, inversions of X chromosomes, and increase of Y
chromosome size. The X1X2Y system has been transformed to other systems in some
groups. The X1X>0 system arose from the loss of the Y chromosome, the XY system from
the fusion of X chromosomes. From these systems, the X0 system arose in some
evolutionary branches, either by fusion of X chromosomes (from the X;X>0 system) or
by loss of the Y chromosome (from the X0 system). The X1X>X30 system of Smeringopus
pallidus arose from the X1X>0 system, either by X chromosome fission or nondisjunction.
The most complicated systems were found in the subfamily Ninetinae (X;X2X3Y and

X1X2X3X4Y). These systems arose from the X;X>Y system like the system found in S.
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pallidus. Number of NOR loci varies from one to nine, they are located on the autosomes
and frequently expanded on the sex chromosomes, possibly by ectopic recombination.
Sex-chromosome linked NORs are probably involved in the achiasmatic pairing of sex
chromosomes. The number of NORs has increased over the course of evolution. In some
groups, the number of NORs, including sex-chromosome linked NORs, has been
subsequently reduced. Similar to other haplogynes, male meiosis of pholcids includes a
diffuse stage, and these spiders usually have a very low number of chiasmata in male

meiosis.

Keywords: chromosome rearrangement, diffuse stage, FISH, Haplogynae, karyotype

evolution, Mygalomorphae, nucleolus organizer region, rDNA, sex chromosome.



1. Introduction

Cytogenetics of arthropods has been developing rapidly in the several last decades.
However, most studies have focused on insects. Less attention has been paid to other
groups, which is also true for arachnids, the most numerous class of the arthropod
subphyllum Chelicerata. The Arachnid diversity is enormous. This clade currently
includes 182 families, 5118 genera and 58369 species (World Arachnida Catalog
2024).However, knowledge on cytogenetic of many arachnid orders is scarce (Araujo et
al. 2024). Therefore, it is impossible to reconstruct karyotype evolution of arachnids yet.
The most data concern spiders (Araujo et al. 2024), scorpions (Schneider et al. 2024),
pseudoscorpions (Stéhlavsky 2024), harvestmen (Tsurusaki et al. 2024), parasitiform
(Norton et al. 1993, Vazquez et al. 2021) and acariform mites (Heethoff et al. 2006).

The spiders (Araneae) are the most diverse order of arachnids. It is the most studied
arachnid order from cytogenetic point of view. Spiders belong to the most abundant
generalist arthropod predators of the planet, inhabiting almost every terrestrial ecosystem
and have persisted for over 380 million years (Foelix 2011). They show a worldwide
distribution except for Antarctica (Garrison et al. 2016, Wheeler et al. 2017). Araneae are
composed of three primary evolutionary lineages: Mesothelae, Mygalomorphae, and
Araneomorphae. The latter clade is further divided to haplogyne and entelegyne
araneomorphs (Coddington and Levi 1991, Coddington 2005, Wheeler et al. 2017).
Majority of spider biodiversity concerns entelegyne lineage (Griswold et al., 2005, World
Spider Catalog 2024), which is mirrored also by cytogenetic data. The diploid numbers,
chromosome morphology, sex chromosomes, and pattern of NORs are very diverse in
spiders. While most spiders have standard chromosome structure, the karyotypes of the
haplogyne superfamily Dysderoidea are composed of holokinetic chromosomes (Kral et
al. 2006, 2019, Diaz et al. 2010, Rezag et al. 2018). Sex chromosome systems of spiders
are unusual, most spiders possess multiple X chromosome systems, which are rare in
other organisms (Araujo et al. 2012, Kofinkova and Kral 2013). Our data show that sex
chromosome systems of spiders are even more complicated, they probably also contained
one or even two pairs of undifferentiated sex chromosomes X and Y (Kral 2007, Kral et
al. 2011, 2013, Sember et al. 2020). Some spider groups have very specific features of
evolution of nucleolus organizer regions (NORs). Some mygalomorphs possess one or
even several giant NORs (Kral et al. 2013). In haplogyne spiders, NORs are often placed

on sex chromosomes (Kral et al. 2006, Avila et al. 2021). Therefore, spiders are a suitable
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model to study the evolution of sex chromosomes (Cordellier et al. 2020) or holokinetic
chromosomes (Kral et al. 2019). Moreover, cytogenetic research of spiders is becoming
intertwined with genomics (Sanchez-Herrero et al. 2019, Cordellier et al. 2020, Escuer et
al. 2021, Sheffer et al. 2021a). This approach can elucidate evolution of some complex
cytogenetic features of spiders like sex chromosomes or transition between monocentric

and holocentric chromosomes.

To contribute to understanding of spider karyotype evolution, my thesis is dealing with
mygalomorph and haplogyne spiders whose cytogenetics is not satisfactorily understood.
Specifically, I focused on evolution of karyotype, nucleolus organizer regions, meiosis,
and sex chromosomes in mygalomorph family Atypidae and haplogyne family Pholcidae.
While the family Atypidae belongs to the phylogenetically basal groups of
mygalomorphs, the family Pholcidae is the most diversified family of haplogyne spiders

with standard chromosome structure.
The particular aims were as follows:

a) to determine karyotypes of the species including diploid number and chromosome
morphology, using the Giemsa staining;

b) to determine sex chromosome system of each species by the analysis of the mitotic and
meiotic division;

¢) to determine behaviour of chromosomes at male germline (spermatogonial mitoses and
meiosis) of each species (especially frequency and position of chiasmata, behaviour of
sex chromosomes, condensation pattern of chromosomes during particular mitotic and
meiotic phases);

d) to determine pattern of constitutive heterochromatin (location of blocks of
heterochromatin) and nucleolus organizer regions (number of NORs and their location)
in selected species;

e) to compare obtained data on karyotypes with those described by other authors,
especially in related taxa;

f) to reconstruct karyotype evolution of studied taxa.
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2. Literature overview

2.1. Introduction into spider biology and phylogeny

The arachnids are ancient and extremely diversified arthropod clade. Moreover, some
arachnid groups are important from an economical or medical point of view (Cordeiro et
al. 2015). The most diversified arachnid group are spiders (Araneae), which contain 135
families, 4376 genera, and 51974 species described to date (World spider catalog 2024).
They live in webs, burrows, or are wandering using shelters (Pérez-Miles et al. 2020).
The spiders can basically be defined as air-breathing arthropods with two body parts, the
cephalothorax and the abdomen. A narrow stalk - the pedicel - joins the abdomen to the
prosoma, allowing great flexibility and precise orientation of the abdominal spinnerets
(Herberstein and Wignall, 2012). Spiders have eight legs attached to the cephalothorax,
and chelicerae, which are venom-injecting fangs (Foelix 2011). Pedipalps are short and
leg-like, except for adult males, where they are modified for sperm transfer. The spiders
produce silk from abdominal spinnerets, whose number varies between taxa from two to
eight (Foelix 2011, Hu et al. 2006). Spiders are among the few animal groups that use silk
throughout their entire lives. Colors are predominantly dull tans, browns, and blacks, but

many common, conspicuous spiders are colorful, even iridescent (Foelix 2011).

Spiders comprise of three primary lineages, namely the suborder Mesothelae and two
infraorders, Mygalomorphae and Araneomorphae, which together form the suborder
Opisthothelae (Bond et al. 2015). Mesotheles and mygalomorphs show more

plesiomorphic characters than derived araneomorphs (Kotinkova and Kral 2013).

The relict suborder Mesothelae is distributed at China, Japan, and Southeast Asia. The
oldest Mesothelae are known from the Upper Carboniferous, over 300 million years ago
(Wheeler et al. 2017). Mesotheles include two extant families, Heptathelidae and
Liphistiidae (World Spider Catalog 2024) and two extinct families, Arthrolycosidae and
Arthromygalidae (Garrison et al. 2016). Mesothelae is considered a sister group to all
other spiders. They retain many ancestral characters, such as a segmented abdomen with

spinnerets in the middle of underside and two pairs of book lungs (Song et al. 1999).

The infraorder Mygalomorphae is composed of 28 families, 357 genera, and 3278 species
(World Spider Catalog 2024). According to Selden et al. (2006), the mygalomorphs are
found in Africa, the Near and the Middle East, the South, Southeast, Central and East

12



Asia, Australia, South and Central America, part of North America, and Europe (Pérez

Miles et al. 2021).

Recent schemes of mygalomorph phylogeny suggest division of this group into two main
lineages, Atypoidea and Avicularioidea (Wheeler et al. 2017, Godwin et al. 2018, Hedin
et al. 2018, Opatova et al. 2019, 2020, Kulkarni et al. 2023). The superfamily Atypoidea
includes the families Atypidae, Antrodiaetidae, Hexurellidae, Mecicobothriidae, and
Megahexuridae (Gertsch, 1940 Hedin & Bond, 2019). The spiders belonging to this clade
are characterized by various kinds of burrows with different entrance constructs (Hedin
et al. 2019). Members of Atypoidea retain some ancestral features, for example vestiges

of segmentation as dorsal abdominal tergites (Wheeler et al. 2017).

Most mygalomorph species diversity is contained within Avicularioidea, which consists
of 25 families (Wheeler et al. 2017, Godwin et al. 2018, Hedin et al. 2018). The majority
of the avicularioid mygalomorphs are sedentary, they live often in burrows, which rarely
leave, and some of them rely on silk for prey capture like the trapdoor spiders, while the
members of theraphosids and diplurids use the net to hunt (Xin et al. 2015b). In general
most species live in burrows or crevices in the ground, however some are arboreal and
live on the trees (Perez Milles et al. 2021). During reproductive period males are
searching for females (Costa and Pérez-Miles 2002). Females remain inside of their
burrow, they are going outside only to catch the prey or discard remains of coccons or

food (Alvarez et al. 2016).

Araneomorphs are the most diverse spider group, they include over 90% of known
spiders, namely 101 families, 3946 genera, and 47882 species (World Spider Catalog
2024). According to recent molecular phylogenetic studies, they consists of two large
clades, one formed by haplogynes and another one by protoentelegynes plus entelegynes
(Kulkarni et al. 2023). Haplogyne lineage is divided into two clades, acribellate
(Synspermiata), including 18 families and cribellate clade composed of two families,
Hypochididae and Filistatidae (Garrison et al. 2016, Wheeler et al. 2017). Synspermiates
include several diversified clades: Caponioidea (families Trogloraptoridae and
Caponiidae), Dysderoidea (families Dysderidae, Oonopidae, Orsolobidae, and
Segestriidae), Scytodoidea (Drymusidae, Ochyroceratidae, Periegopidae, Psilodercidae,
Scytodidae and Sicariidae), and the the so-called Lost tracheae clade composed of

Diguetidae, Pacullidae, Pholcidae, Plectreuridae, and Tetrablemmidae (Wheeler et al.
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2017, Fernandez et al. 2018, Kulkarni et al. 2021, 2023). Some authors place into the last
clade also the family Telemidae (Michalik and Ramirez, 2014).

Protoentelegynes are composed of the two clades, Australochiloidea and related families
and Palpimanoidea. First clade is formed by families Archoleptonetidae, Austrochilidae,
Gradungulidae, and Leptonetidae. It is sister to the clade formed by Palpimanoidea and
entelegyne spiders. (Kulkarni et al. 2023). It is very difficult to elucidate the phylogeny
of Entelegynae because this group has an enormous diversity (World Spider Catalog
2024). Current phylogeny is based mostly on molecular markers (Garrison et al. 2015,
Wheeler et al 2017, Kulkarni, 2021, 2023). The Entelegynae is a well-supported,
monoplyletic lineage (Garrison et al. 2016, Wheeler et al. 2017; Fernandez et al. 2018a,
Kulkarni et al. 2020, 2021, Kallal et al. 2021a, Kulkarni et al. 2023). According Kulkarni
et al. (2023), Araneoidea is a sister group to the remaining entelegynes. Clade formed by
groups Nicodamoidea and Eresidae is considered to be a sister lineage to the clade formed
by so-called UDOH grade and the retrolateral tibial apophysis clade (RTA clade)
(Kulkarni et al. 2020, 2021).

In contrast to most araneomorphs, distribution range of mygalomorphs is usually
restricted, because juveniles rarely balloon and are close to the nest. Therefore,
mygalomorph populations are highly clumped (Coddington 2005). The differences in the
dispersal mechanism could be a possible explanation for the contrast in the diversity of

araneomorphs and mygalomorphs (Coddington 2005, Platnick 2005).
2.2. Cytogenetics of spiders
2.2.1. Diploid numbers and autosome evolution

The cytogenetic analysis of the arachnids has accelerated during last decades, the spiders
are the most studied group. Actually, cytogenetic information on 393 genera and
878species of spiders is known (Araujo et al. 2024). Cytogenetic information on spider
species usually include data on diploid number, chromosome morphology, sex
chromosome system, and meiotic behaviour of sex chromosomes. The majority of
analysed species belong to Entelegynae clade. On family level, the most studied
entelegyne families are as follows: Salticidae (171 species), Lycosidae (85 species), and
Araneidae (66 species). There are data on three protoentelegynes only, namely one
species belonging to Austrochilidae (Austrochilus sp.), a leptonetid (Leptoneta infuscata),

and a palpimanid (Kral et al. 2006, Duran et al. 2023). The most data on haplogynes
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concern families Pholcidae (69 species) and Dysderidae (36 species) (Araujo et al. 2024).
Other haplogyne families are much less studied or even untested. Mygalomorphae
cytogenetics is not satisfactorily understood; only 50 species has been evaluated so far
(Araujo et al. 2024). Concerning mesotheles, only one species of the family Liphistiidae

was studied so far (Suzuki, 1949, 1950a, 1954).

Spiders exhibit a considerable diversity of the diploid numbers (2n), which range from
2nd=5 in Afrilobus sp. (Kral et al. 2019) to 2n3=152 in Caponia natalensis (Kral et al.
2019). Remarkably, the most mygalomorphs karyotyped so far possess higher diploid
numbers than araneomorph spiders (Kofinkovd and Kral 2013, Kral et al. 2013).
Concerning the chromosome morphology, most mygalomorphs show biarmed
(metacentric and submetacentric) chromosomes or combination of biarmed and
monoarmed (subtelocentric and acrocentric) chromosomes (Kral et al. 2013, Kofinkova
and Kral 2013). The karyotypes of almost all entelegynes are formed exclusively by
acrocentric chromosomes (Suzuki 1954; Dolejs et al. 2011, Kotinkova and Kral 2013;
Stahlavsky et al. 2020). On the other hand, the haplogyne spiders form two groups, which
differ by chromosome structure. The superfamily Dysderoidea (Dysderidae, Oonopidae,
Orsolobidae, Segestriidae) exhibit holokinetic chromosomes (termed also holocentric
chromosomes), which lack a localised centromere and centromeric connection of sister
chromatids. In the consequence, the kinetochores occupy the major part of the
chromosome surface faced to the poles (Diaz and Saez 1966, Reza¢ et al. 2007). The other
haplogynes display monocentric chromosomes (Araujo et al. 2024). The karyotypes of
almost all the species with this chromosome structure are predominated by biarmed
chromosomes (Kral et al. 2006, Oliveira et al. 2007, Golding and Paliulis 2011, Lomazi
et al. 2018).

The frequent evolutionary trend of spider karyotype evolution is the reduction of diploid
chromosome numbers (Suzuki 1954, Araujo et al. 2012, Kofinkova and Kral, 2013). The
most members of basal spider groups (Mesothelae and Mygalomorphae) show a high
number of chromosomes (Suzuki 1954, Kral et al. 2013). The diploid number is
considerably reduced in most derived spiders, araneomorphs. It should be noted that
pattern of evolution of diploid numbers is quite complex in mygalomorphs (Kral et al.
2011, 2013). Some clades show an increase in the number of chromosomes due to fissions

(Kral et al. 2013).
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2.2.2. Sex chromosome evolution

Sex chromosome systems are in general very diverse. Many animals and some plants
have the sex determination system where the male is heterogametic (XY) and the female
homogametic (XX) (Kaiser and Bachtrog 2010). This kind of sex chromosome
differentiation is found for example in mammals (Sumner 2003). The analogous system
of sex chromosome determination is ZZ/ZW. In this case, male is homogametic (ZZ) and
the female heterogametic (ZW). This system have been revealed in Lepidoptera, birds,
and reptiles (Sumner 2003). In addition, there is an UV sex chromosome system, which
have been found in bryophytes and some other organisms that are in the haploid phase
for most of their lives. While the V chromosome is found in male haploid individuals, the
U chromosome is found in female haploid individuals (Bachtrog et al. 2011, McDaniel et
al. 2012). Another kind of sex determination is haplodiploidy, which have been found in
mites, thrips, bees, ants, and wasps (Sumner 2003). In this mechanism, the sexes differ
by the number of chromosome sets, males are haploid and females diploid (Dapper et al.
2022). Males arose from unfertilized eggs and females from fertilized eggs (Beukeboom

1995).

Sex chromosomes generally arise from an autosome pair. Recombination is gradually
reduced between the sex chromosomes X and Y (respectively Z and W) in the course of
evolution. Consequently, the Y or W chromosome gradually degenerates and may
eventually disappear, resulting in the X0 or Z0 system. Chromosome fissions or
rearrangements between sex chromosomes and autosomes give rise to complex sex
chromosome systems that may include many sex chromosomes (Abbott et al. 2017,

Beukeboom and Perrin 2014).

Spiders belong to organisms, which show a considerable diversity of sex chromosome
systems (Araujo et al. 2012, Kofinkova and Kral 2013). Most spiders exhibit unusual
multiple X chromosome systems (Kral et al. 2013), which are rare in other animal clades

(Kofinkova and Kral 2013).

Most information on the evolution of sex chromosomes is available in entelegyne spiders.
The most common sex chromosome system of entelegyne spiders is X1 X2/2X1X1X2Xo
(named X;X>0), where 0 indicates the absence of the Y chromosome (Araujo et al. 2012,
Kofinkova and Kral 2013). The two X chromosomes, X and X, are considered non-

homologous due to the absence of recombination and their different size (Araujo et al.

16



2005, Kral et al. 2011, Kofinkova and Kral, 2013). Nonhomologous nature of these X

chromosomes was confirmed recently by their sequenation (e.g., Sheffer et al. 2022).

The origin of the system X;X>0 has been explained by the fission of a metacentric X
chromosome at X0 system (Pédtau 1948). Another hypothesis also suggests origin from
X0 system, namely via non-disjuction of X (Postiglioni & Brum-Zorrilla 1981,
Koftinkova and Kral 2013). Finally, a recent hypothesis suggests that X1X>0 system arose
from X1X2Y system via loss of Y chromosome. The latter system is frequent in haplogyne

araneomorphs (see below).

The X;X20 system is rare in mygalomorphs and haplogynes (Araujo et al. 2012,
Korinkova and Kral 2013). The X;X20 system has been transformed to other sex
chromosome systems in some entelegyne clades, for example in X0 system in several
lineages (Srivastava & Shukla, 1986, Tasdemir et al. 2012, Araujo et al., 2015a, Cavenagh
et al. 2022). There are several proposed mechanisms of origin of X0 system in
entelegynes, namely tandem fusion (e.g., Bole-Gowda 1950), centric fusion (e.g., Bole-
Gowda 1952) or gradual deletion of one X chromosome (Suzuki 1954). The multiple sex
chromosomes with more than two chromosomes found in some entelegynes (Xi;X2X30,
X1X2X3X40) could arise by fission(s) (Korinkova and Kral 2013) or by non-disjuctions
(Postiglioni and Brum-Zorrilla 1981, Datta and Chatterjee 1988). In some entelegynes,
neo-sex chromosomes arose by the rearrangements between the gonosomes and

autosomes (e.g., Madison et al. 2013, 2020).

Members of seven haplogyne families exhibit an unusual X;X>Y chromosome system
(Kral et al. 2006, Avila et al. 2016, Paula-Neto et al. 2017, Araujo et al. 2020). The X;X,Y
system show a conservative morphology. In most haplogynes, it consists of two large
metacentric X chromosomes and a tiny metacentric Y chromosome forming a trivalent in
the male first meiotic division. Sex chromosomes of the trivalent exhibit a specific
achiasmatic pairing by ends of both arms (Kral et al. 2006, Sember et al. 2020). This
system could be ancestral for araneomorphs (Paula-Neto et al. 2017). If so, the system
X1X20 of entelegynes arose from X1X2Y by loss of Y chromosome. This conversion of
the X;X»Y system was also detected in filistatid haplogynes (Avila et al. 2016). In some
other haplogyne lineages, X1X2Y system has been converted into XY (diguetids) or even
X0 system (filistatids, ochyroceratids, pholcids, scytodids, tetrablemmids) (Kral et al.
2006, Oliveira et al. 2007, Avila et al. 2016, Kral et al. 2019).
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The X1X2Y system was described for the first time in Loxosceles laeta (Silva 1988) and
some other Loxosceles species (Silva et al. 2002). It has been found later in several other
haplogyne families (Kral et al. 2006, Avila et al. 2016, Kral et al. 2019). Origin of X1X2Y
system is not resolved. X;X>Y system is an ancient sex chromosome determination;

spider groups with this system were found already at Mesozoic stata (Kral et al. 2006).

The ancestral sex chromosome system in mygalomorphs is probably the X1X>0 system.
Most representatives of the superfamily Atypoidea are characterized by the X0 system,
which seems to have arisen from the fusion of X chromosomes in the X;X20 system. In
the ancestors of the superfamily Avicularioidea, genome duplication probably occurred
and gave rise to a system with four X chromosomes. In the course of subsequent
evolution, sex chromosome fusions occurred in some lineages. This hypothesis is
supported by distribution of species with reduced number of X chromosomes. These taxa
have decreased diploid number in comparison with the close relatives (Kral et al. 2013).
Some mygalomorphs exhibit a sex chromosome system composed by more X
chromosomes than four, for example XoX3X4Xs0 (Microstigmata zuluensis),
X1 X2 X3X4X5X6X7X8X9 (Macrothele yaginumai) and
Xi1XoX3X4X5X6X7XsX0X10X11X12X13 (Macrothele gigas) (Kral et al. 2013). The multiple
X chromosome system of latter species is composed by a highest number of X
chromosomes known so far. These systems have evolved by fissions or nondisjunctions
of chromosomes. In some other mygalomorphs, rearrangements between sex
chromosomes and autosomes formed neo-sex chromosomes (Kral et al. 2013, Sember et
al. 2020). Karyotype of these species include Y chromosome. These systems were
discovered in Atropothele socotrana 68, X1XoX3Y (Sember et al. 2020), Atypus affinis
(XY) (Reza¢ et al. 2006), and Paratropis sp. (X1X2X3XaXs5XeX7Y) (Kral et al. 2013).
Two other mygalomorphs, namely Cyphonisia sp. and Ischnothele caudata, have XY
system, which has originated probably from X0 system by a rearrangement between X

chromosome and an autosome (Kral et al. 2013).

Sex chromosomes of spiders exhibit a specific behaviour in male germline. They show a
positive heteropycnosis - they are stained more intensively than the other chromosomes
in some phases of male meiosis, especially in prophase I and metaphase I due to a higher
condensation (Araujo et al. 2012). During male meiosis, they pair without chiasmata,

being placed at the periphery of the nucleus (Kofinkova et al. 2013). Regions of neo-sex
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chromosomes originating from autosomes do not exhibit a specific behaviour (Maddison

1982).

Patterns of achiasmatic sex chromosome pairing in spider males are diversified. Sex
chromosomes pair by ends of arms or are arranged in parallel during male meiosis (Kral
et al. 2006, 2007, 2011). The first type was detected in some basal groups of Entelegynae
(Kral et al. 2011), Haplogynae (Kral et al. 2006) as well as in Mygalomorphae (Kral et
al. 2011, 2013). The second type is characteristics for most Entelegynae (Kral et al. 2011,
Dolejs et al. 2011) and some Haplogynae with holokinetic chromosomes (Benavente and

Wettstein 1980, Kral et al. 2019).

Surprisingly, we also found a specific sex chromosome behaviour in the meiotic division
of female spiders. While in all other organisms the sex chromosomes in meiosis of
homogametic sex behave as autosomes, the homologous X chromosomes of female
spiders pair already in interphase before meiosis, being positively heteropycnotic until
metaphase [. Bivalents formed by sex chromosomes associate at one end during this

period (Kral 2007, Kral et al. 2011).

Recent findings of our group suggest that sex chromosomes of spiders are even more
complicated. They also contain a specific pair of undiffrentiated sex chromosomes XY
termed sex chromosome pair (SCP) (Kral 2007, Kral et al. 2011, 2013) or cryptic sex
chromosome pair (CSCP) (Sember et al. 2020), which exhibit end-to-end pairing with the
the other sex chromosomes. CSCP could represent an ancestral spider sex chromosomes.
Other sex chromosomes could arise from these proto-sex chromosomes by non-

disjunction (Kral 2007, Kral et al. 2011, Sember et al. 2020).

The CSCP was detected in some entelegynes (Kral 2007, Kral et al. 2011) haplogynes
(Kral et al. 2006), and mygalomorphs (Kral et al. 2013, Sember et al. 2020). Avicularioid
mygalomorphs exhibit two CSCP (Kral et al. 2013). The second SCSP could have been
formed by polyploidization just like the X1X>X3X40 system (Kral et al. 2013, Sember et
al. 2020). Chromosomes of CSCP show the same morphology and size as well as the
same heterochromatin pattern (Kral et al. 2011, 2013, Sember et al. 2020). In some
haplogynes and mygalomorphs, the CSCP exhibits the meiotic heterochromatization. It
is suggested that the meiotic inactivation of CSCP prevents the recombination between

this pair and the other sex chromosomes (Sember et al. 2020).
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2.2.3. Meiotic modifications

Most common modification of spider meiotic division is the diffuse stage. This
modification is found in the prophase I of some organisms, specifically between
pachytene and diplotene (Benavente and Wettstein 1980). It is characterized by a
considerable chromatin despiralization and nucleus enlargement, which reflect
presumably a high transcriptional activity (Klasterska 1977, Benavente and Wettstein
1980, Kofinkovd and Kral 2013). Diffuse stage arose multiple times in different
eukaryotic lineages (Klasterska, 1977). For example, it has been found in some insect
lineages such as some grasshoppers (White 1968), bugs (Lanzone and de Souza 2006),
and beetles (Galian et al. 1995). While it is usually present in female meiosis, in some
animals it has been revealed also in males, for example in haplogyne spiders (Kral et al.
2006, 2011, 2013, Kofinkova and Kral 2013), including the lineage with holokinetic
chromosomes (Benavente and Wettstein 1980, Kral et al. 2006, Kral et al. 2019). In other
spider groups, the male diffuse stage was found only in some clades (Kofinkova and Kral

2013).

Another modification of spider meiotic division is inverted meiosis, which has been found
in some spiders with holokinetic chromosomes (Kral et al. 2019). This modification of
meiosis has also been found in other organisms with holokinetic chromosomes. In this
case, the sister chromatids separate already in the anaphase of the first meiotic division,
which is made possible by the absence of kinetochores in holokinetic chromosomes and

also by their specific orientation in metaphase I (Viera et al. 2009, Mola et al. 2011).

Achismatic meiosis is the last modification of meiosis found in some spiders. Chiasmata
are formed at the beginning of the diplotene at sites where crossing over has previously
occurred (Sumner 2003). These structures are essential for the proper segregation of the
homologous chromosomes (Kurdzo et al. 2018). However, sometimes homologous
chromosomes do not recombine. Therefore, chiasmata do not develop between
homologous chromosomes. This modification of meiosis is termed achiasmatic meiosis
(Kurdzo and Dawson 2015, Kurdzo et al. 2018, Dedukh et al. 2022). Because chiasmata
are not developed, diplotene and diakinesis are replaced by a specific stage called
postpachytene. During this stage, homologous chromosomes remain attached parallel to
each other and gradually shorten. Achiasmatic meiosis occurs mostly in heterogametic

sex (Stahlavsky and Kral 2004). The achiasmatic meiosis have been observed in various
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eukaryotic taxa, it originated independently multiple times (except for mammals) (White
1973, gt’éhlavsk}'l and Kral 2004, Satomura et al. 2019). In arachnids the achiasmatic
meiosis was reported in scorpions (Shanahan and Hayman 1990, Almeida et al. 2019),
chthoniid pseudoscorpions (St'ahlavsky, and Kral, 2004), haplogyne spiders from the
families Dysderidae and Segestriidae (Benavente and Wettstein 1980, Rodriguez Gil et
al. 2002), mygalomorphs of the family Euagridae (Kral et al. 2013), and some acariform
mites (Keyl 1957). In spiders of the families Dysderidaec and Segestriidae, however,
absence of chismata is only seeming. This is due to the considerably long diffuse stage,

so that the chiasmata are visible only in metaphase I (Kral et al. 2006).
2.2.4. Banding techniques and techniques of molecular cytogenetics

The information concerning centromeric and telomeric regions in spiders is scarce
(Kofinkova and Kral 2013). C-banding revealed that these structures are formed by
constitutive heterochromatin (Kral et al. 2006, Dolejs et al. 2011, da Costa 2020, Rincao
et al 2021). It is rare to find heterochromatin blocks out of these two regions in spiders
(Dolejs et al. 2011). Sex chromosomes of some spiders contain a high amount of
constitutive heterochromatin. It hold especially for Y chromosome of the X1X>Y system,
for example Y chromosome of Pholcus phalangioides (Pholcidae) (Kral et al. 2006).

Base composition of heterochromatin has been analysed by fluorescent banding by
fluorochromes CMA3 and DAPI in some spiders. This technique has revealed that
constitutive heterochromatin is GC-rich in ctenids (Rincdo et al. 2017). The banding
patterns can be also important for the analysis of karyotype and the interspecific
comparison of karyotypes (e.g., Cabral-de-Mello and Martins 2010). However, these
techniques have little use in spiders because, with few exceptions, induction of banding
patterns such as G-, R- or replication banding, which allow individual chromosomes to
be distinguished by a specific banding pattern, has failed. The telomeric DNA of spiders
do not contain the motif (TTAGG)n, which is probably ancestral in arthropods. The

composition of the spider telomeric DNA is unknown (Vitkova et al. 2005).

Nucleolar organizer regions (NORs) have been detected on the chromosomes of some
spiders. These structures contain genes for 28S, 18S, and 5.8S rRNA. These rRNAs are
a catalytic component of the ribosomes, thus are required by the cell in a high amounts
(O'Sullivan et al. 2013, Palazzo and Lee 2015). Thus, these genes are found in NOR in

many copies. They are arranged in discrete clusters, transcription units, each containing
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one copy of each gene listed above. Clusters are separated by non-transcribed spacers
(NTS), also called the intergenic spacer (IGS). Genes within a cluster are separated by
internal transcribed spacers (ITS). Clusters are transcribed as a single unit of 45S rRNA
(Sumner 2003, McStay 2016). Genes for 5S rRNA form separate clusters in the genome
(Sumner 2003).

The nucleolus organizer regions of spiders have been detected initially by silver staining
using AgNO3 (Sumner 2003). However, this method reveals only NORs, which were
active during the previous interphase, as the reaction leading to silver reduction, which
provides the detectable signal, is dependent on the presence of specific proteins bound to
rDNA promoters (Miller et al. 1976, Jiménez et al. 1988). Silver staining have been
performed in several mygalomorphs (Kral et al. 2013), haplogynes (Kral et al. 2006,
Oliveira et al. 2007, Paula-Neto et al. 2017), and entelegynes (Rodriguez-Gil et al. 2007,
Dolejs et al. 2011, Forman et al. 2013, Kumar et al. 2017).

To improve the detection of NORs, fluorescence in situ hybridization (FISH) has been
introduced into spider cytogenetics, using the 18rDNA probes. This technique detects all
NORs including inactive ones (Forman et al. 2013, Kral et al. 2013, 2019; Rincao et al.
2017, Sember et al. 2020, Stdhlavsky et al. 2020). Most spider species examined exhibit
a single NOR, which is probably an ancestral arachnid pattern (Forman et al. 2013). These
structures have usually a terminal position (da Costa Pinto Neto et al. 2020). The
evolution of some clades has been accompanied by the increase of NOR number
(Stahlavsky et al. 2020). In haplogyne spiders, NORs often spreaded to sex chromosomes
(Kral et al. 2006, Avila et al. 2016).

Concerning other gene clusters, the histone H3 genes has been only detected in spiders,
namely in some ctenids. Specifically, this cluster is part of one chromosome pair in
Guasuctenus longipes, three pairs in Ctenus medius, and four pairs in Ctenus ornatus
(Rincdo et al. 2020). Therefore, ctenids show a considerable diversity in number of H3
clusters. Furthermore, these authors found colocalization of the clusters of histone H3
genes and the blocks of constitutive heterochromatin, which suggest a co-evolution of

histone genes and heterochromatin (Rincao et al. 2020).
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2.3. Cytogenetics of haplogynes
2.3.1. Cytogenetics of haplogynes with monocentric chromosomes

Karyotype data have been obtained in a low number of haplogynes. Concerning
haplogynes with monocentric chromosomes, data on 50 species from 9 families were

published so far (Araujo et al. 2024).

Most analysed haplogynes belong to the family Pholcidae. According to database of
Araujo et al. (2024), 23 species representing 9 genera has been karyotyped so far. The
diploid number ranges from 9 to 32, karyotypes are composed mostly of biarmed
chromosomes (Araujo et al. 2024). Authors report sex chromosome systems X0 (Bole-
Gowda 1958, Cokendolpher & Brown, 1985, Srivastava & Shukla, 1986, Parida &
Sharma, 1987, 1987a, Cokendolpher 1989, Xiuzhen et al. 1997a, Kral et al. 2006, Oliveira
et al. 2007, Ramalho et al. 2008, Lomazi et al. 2018), X;X>0 (Painter 1914, Suzuki, 1954,
Prakash & Prakash, 2014a,b), XY (Golding & Paliulis 2011), and X;XoY (Kral et al.
2006). Artema atlanta have been analysed three times, the authors suggest the same
karyotype 32, X1X20 (Sharma & Parida 1987, Parida & Sharma 1987a, Arunkumar &
Jayaprakash, 2015). Several different karyotypes are suggested for Crossopriza lyoni
(India, Brazil, and Portugal) (Bole-Gowda, 1958, Srivastava & Shukla, 1986, Parida &
Sharma, 1987a, Sharma & Parida, 1987, Oliveira et al. 2007, Prakash & Prakash, 2014a,
Prakash & Prakash, 2014b, Arunkumar & Jayaprakash, 2015, Sharma & Ramakrishna,
2019).

A large number of species has been karyotyped also in the family Sicariidae; karyotypes
of 18 species have been described (Sember et al. 2020, Araujo et al. 2023). Diploid
number ranges from 18 (Tugmon et al. 1990) to 23 (Silva et al. 1988, 2002, Araujo et al.
2020, Sember et al. 2020). All species display XiXoY system (Silva 1998, Silva et al.
2002, Kral et al. 2006, Araujo 2007, Franco and Andia, 2013, Kumbigak 2014, Araujo et
al. 2020) except for L. reclusa, L. rufipes (X1X20) (Diaz & Saez 1966, Tugmon et al.
1990), and Sicarius tropicus (XY) (Gimenez-Pinheiro et al. 2022).

Several species of plectreurids were studied, male diploid number ranges from 18 to 22.
Three sex chromosome systems were revealed. Beside species with system X1X>Y, which
is probably ancestral for haplogynes, there are also species with derived systems, X;X>0
and Xi1X2Y1Y>. Latter system arose by fission of Y chromosome or Y chromosome

nondisjunction (Krél et al. 2006, Avila et al. 2016).

23



In the family Scytodidae, only five species have been karyotyped. The diploid number
ranges from 13 (Araujo et al. 2008, Rodriguez-Gil et al. 2002) to 31 (Araujo et al. 2008).
The majority of species show X0 system with the exception of S. globula (cited as S.
maculata) in which is reported X;X>0 system (Diaz and Saez 1966). Chromosomes of
this species are biarmed. In other species, some chromosome pairs exhibit subtelocentric
or acrocentric morphology, namely in S. fusca (Araujo et al. 2008), S. itapevi (Araujo et

al. 2008), and S. thoracica (Kral et al. 2006).

Concerning the family Filistatidae, five species have been evaluated as well. The diploid
number ranges from 21 (Pikelinia mendensis) (Paula-Neto et al. 2017) to 33 (Filistata
insidiatrix) (Kral et al. 2006). In all studied species, the X1X>Y SCS has been reported
(Kral et al. 2006, Paula-Neto et al. 2017, Sember et al. 2020) except for karyotype 24,
X1X20 in Kukulcania hibernalis (Rodriguez-Gil et al. (2002). Other authors reported Y
chromosome in this species (Hetzler 1979, Paula-Neto et al. 2017). I suppose that
Rodriguez et al. (2002) overlooked Y chromosome in this species due to its tiny size. This
may be the same for a number of other haplogyne species for which the X1X20 system is
reported. Y chromosome of the X1X2Y system is usually tiny in haplogynes (Kral et al.
2006).

Concerning other haplogyne families, there is only a basic description of the karyotype
in one or two species. Specifically, Drymusa capensis (Drymusidae) exhibits male
karyotype 37, X1X2Y (Kral et al. 20006), Diguetia albolineata 20, XY, D. canities 16 XY
(Diguetidae), Monoblemma muchmorei 23, X0 (Tetrablemmidae), (Kral et al. 2006) and
Paculla sp. 33, XiXoY (Pacullidae) (Kral et al. 2019).

2.3.2. Banding techniques and techniques of molecular cytogenetics in

haplogynes with monocentric chromosomes

In several haplogynes, C- banding have been used to detect the constitutive
heterochromatin. Most studied species belong to the family Sicariidae (Araujo et al.
2020). Chromosomes of analysed species contain centromeric block of heterochromatin.
In the genus Loxosceles, telomeric regions are usually formed by heterochromatin of
variable size (Kral et al. 2006, Araujo et al. 2020). X chromosomes display similar
distribution of heterochromatin like autosomes. In contrast to this, Y chromosome is

usually almost completely heterochromatic (Silva et al. 2002).
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Nucleolus organizer regions in haplogynes were detected by silver staining or by
fluorescence in situ hybridization, namely in Diguetidae (Kral et al. 2006), Plectreuridae
(Avila et al. 2016), Pholcidae (Oliveira et al. 2007, Arunkumar et al. 2015),
Tetrablemmidae (Kral et al. 2006) and Sicariidae (Araujo et al. 2020).

In general authors observed a low number of NORs. Beside autosomes, NORs were
frequently located on sex chromosomes (Kral et al. 2006, Avila et al. 2016). The sex-
chromosomes linkedNORs were revealed in several species, namely Scytodes thoracica,
Ochyrocera sp., Monoblemma muchmorei, Loxosceles spinulosa, L. rufescens (Kral et al
20006), Crossopriza lyoni (Oliveira et al. 2007, Arunkumar et al. 2015), and Plectreurys
(Avila et al. 2016). .

Molecular differentiation of Y chromosome of the X;X>Y system has been studied in
some families of haplogynes (Sicariidae and Filistatidae) by comparative genomic
hybridisation (CGH) (Sember et al. 2020). The male specific DNA was found only in Y
chromosome (Sember et al. 2020). Surprisingly, male specific DNA was not revealed in
Y chromosome of L. similima. This pattern may result from the insertion of autosomal
fragments into the Y chromosome (Sember et al. 2020). In Pholcidae Y chromosome is
formed exclusively by male specific DNA. In addition, terminal region of the X»
chromosome ensuring pairing with Y chromosome exhibits a slight accumulation of male
probe, which probably reflects spreading of male repetitive DNA in the terminal part of
X5 chromosome (Sember et al. 2020).

2.4. Haplogyne spiders with holokinetic chromosomes

Holokinetic chromosomes have arisen several times in Eukaryota. Among others, they
have been reported in some protista, plants, nematods, arachnids, and insects (Mola 1995,
Traut and Marec 1997, 1995, Melters et al. 2012, Kuznetsova et al. 2019, Nokkala and
Golub 2002). Holokinetic chromosomes lack a localized centromere. Therefore the
centromere activity spread along most of all surface of these chromosomes faced to the
cell poles (Mola and Papeschi 2006, Melters et al. 2012, Bure§ et al. 2013, 2014,
Mandrioli and Manicardi 2020). As a consequence the fusion products and fragments of
these chromosomes segregate usually regularly (Jankowska et al. 2015). Holokinetic
chromosomes of some organisms are remarkable for the inverted meiosis. During this
modified meiotic division, sister chromatids are separated already during the anaphase of

the first meiotic division. This modification is enabled by the absence of centromere
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connection (Cabral et al. 2014). Holokinetic chromosomes show a low frequency of
recombinations; it could be a preadaptation for achiasmatic meiosis (Butlin 2005, Bure$

etal. 2013, 2014).

Holokinetic chromosomes are considered to be a derived character (Dernburg 2001, Mola
and Papeschi 2006, Melters et al. 2012, Drinnenberg et al. 2014, Escudero et al. 2016).
Some authors suggest that the holokinetic chromosomes arose by the expansion of the
kinetic activity over the large area of the chromosome surface (Kral 1994a, Nagaki et al.
2005, Kral et al. 2006). Recent study of Zedek and Bures (2018) indicates that the change
from monocentric to holokinetic chromosomes was a very important adaptation
promoting the transition of organisms from oceans to terrestrial ecosystems. However,
the mechanism of formation of the holokinetic chromosomes is complex and available
data are not sufficient to explain all aspects of this transition (e.g., Zedek and Bures 2018,

Neumann et al. 2023).

In arachnids, holokinetic chromosomes have been reported in scorpions of the family
Buthidae (Sadilek et al. 2015, Ubinski et al. 2018, Almeida et al. 2019), acariform mites
(Oliver, 1977, Eroglu and Per, 2016), spiders of the superfamily Dysderoidea (Rodriguez
Gil et al. 2002, Kral et al. 2006, Diaz et al. 2010, Krél et al. 2019), and in one genus of
ticks (Hill et al. 2009).

Although holokinetic chromosomes were discovered a long time ago in spiders,
information on their distribution and evolution is very limited (Kral et al. 2019). The
holokinetic chromosomes appear to be apomorphy of the superfamily Dysderoidea (Kral
et al. 2019), which is an ancient lineage found already at Cretaceous strata (Penney and

Selden 2011).

From cytogenetic point of view, the most studied family of spiders with holokinetic
chromosomes is Dysderidae (Araujo et al. 2024). Diploid numbers range from 7
(Kofinkova & Kral, 2013, Reza¢ et al. 2018, Kral et al. 2019) to 40 (Rez4¢ et al. 2007).
Analysed species belong to the genera Dasumia, Dysdera, Dysderocrates, Harpactea,
Harpactocrates, and Kaemis (Araujo et al. 2024). Concerning Dysdera genus, karyotypes
of 26 species have been described (Benavente & Wettstein, 1980, Rodriguez-Gil et al.
2002, Reza¢ et al. 2007, 2014, 2018). Data on D. crocata suggest diversity of diploid
numbers in this species. Populations from Argentina (Rodriguez-Gil et al. 2002) and

Turkey (Rezag et al. 2007) possess 2nd=11. On the other hand, the populations from
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South Africa, Bulgaria, and Spain display 2nd=9 (Reza¢ et al. 2007, 2018), and
populations from Canary Islands (Portugal) 2nd=13 (Reza¢ et al. 2007). The studied
dysderids show X0 system, except for Dysdera dolanskyi, which exhibit X;X>0 SCS
(Reza¢ 2018). Dysdera crocata and species of the subfamily Harpactirinae exhibit
inverted meiosis (Kral et al. 2019).

The male diploid numbers found in the family Segestriidae are quite low, range from 7
(Suzuki, 1950b, 1954) to 14 (Diaz & Saez, 1966, Diaz et al., 2010, Kral et al. 2006).
While the genus Ariadna shows X0 system (Rodriguez-Gil et al. 2002, Diaz et al. 2010,
Kral et al. 2019), species of the genus Segestria display X1X20 system (Benavente &
Wettstein, 1980, Kral et al. 2006, Diaz et al. 2010), which probably arose by fission of

the ancestral single X chromosome found in Ariadna (Krél et al. 2019).

In the family Oonopidae, four species has been karyotyped, namely Ischnothyreus sp.,
Oonops ebenecus, O. pulcher, and Xestaspis parmata. These species exhibit a karyotype
formula 2nd'=7, X0 (Kral et al. 2019). Recently, three species more have been analysed,
namely Cinetomorpha simplex (2n3=9, XO0), Neotrops sp., and Neoxyphinus
termitophilus (2nd = 7, X0) (Duarte et al. 2023). All oonopid species have low diploid
number and X0 SCS.

Concerning the family Orsolobidae, only one species has been analysed (Afrilobus sp.).

It is the spider with the lowest diploid number (2nd=5, X0) (Kral et al. 2019).

Interestingly, the family Caponiidae, a sister clade of the Dysderoidea, exhibit
chromosomes with standard structure. Moreover, caponiids show a high diploid number,
numerous sex chrosomes, and an enormous genome size (Kral et al. 2019). Diploid
numbers and sex chromosome systems of analysed caponiids are as follows: Caponia
natalensis 2n3d= 152, X1X2X3X4XsXs : C. capensis 2n9=136; C. hastifera 2n3=128,
Xi1XoX3X4Xs5XeX7X8X0X10Y1Y2, Nops aff. variabilis 55, X1X2X3X4Y. In several other
caponiids, only the diploid number was obtained. Chromosomes of caponiids are
predominantly biarmed (Kral et al. 2019). A specific genomes of caponiids (an enormous
diploid number of chromosomes, a high number of sex chromosomes, and an enormous
genome size) suggest collectively duplication of genome in ancestor of this clade (Kral
et al. 2019). It is assumed that in the ancestral representatives of the family Dysderoidea,
the diploid number was reduced to seven chromosomes in males, including a single X

chromosome (Kral et al. 2019).
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2.5. Cytogenetics of Mygalomorphae

The cytogenetics of mygalomorphs is not satisfactorily understood. Currently, data on 39
genera and 48 species have been obtained (Suzuki, 1949, 1954, Hetzler, 1979, Srivastava
& Shukla 1986, Painter, 1914, Oliveira, 1998, Akan 2005, Reza¢ 2006, Kral et al. 2011,
2013, Kotinkova & Kral 2013, Sember et al. 2020). Mygalomorphs show a high diversity
of diploid numbers and chromosome morphology. The diploid numbers of mygalomorph
males vary from 14 (Atypus affinis, Atypidae) (Reza¢ et al. 2006) and Ischnothele
caudata, Ischnothelidae) (Kral et al. 2013) to 128 (Cyclocosmia siamensis,
Halonoproctidae) (Kral et al. 2013). The most studied family is Theraphosidae with 19
species included in 16 genera (Lucas et al. 1993, Oliveira et al. 1998, Akan 2005, Rezag
et al. 2006, Kofinkova & Kral, 2013, Kral et al. 2011, 2013, Sember et al. 2020).

Mygalomorphs show various proportions of monoarmed and biarmed chromosomes.
However, karyotype of most mygalomorphs studied so far is predominated by biarmed
chromosomes (Lucas et al. 1993, Oliveira 1998, Rezag et al. 2006, Kral et al. 2011, 2013,
Sember et al. 2020). This morphology also have been found in haplogyne spiders (Kral
et al. 2006, Rezaé et al. 2006). This pattern suggest that predomination of biarmed
morphology is a symplesiomorphy of opisthothele spiders (Kral et al. 2006). Biarmed
chromosomes prevails in analysed species of families Atypidae (Reza¢ et al. 2006),
Ctenizidae (Kral et al. 2013), Halonoproctidae (Kral et al. 2013), Idiopidae (Kral et al.
2013), Ischnothelidae (Kral et al. 2013), Macrothelidae (Kral et al. 2013), Megahexuridae
(Kral et al. 2013), and Theraphosidae (Kofinkova & Kral, 2013, Kral et al. 2011, 2013,
Sember et al. 2020). On the other hand, there are also the families with a high proportion
of monoarmed chromosomes: Cyrtaucheniidae (Kral et al. 2013), Dipluridae (Kral et al.
2011), Nemesiidae (Kral et al. 2013), Barychelidae (Kral et al. 2013, Sember et al. 2020),
and Migidae (Kral et al. 2013). Monoarmed chromosomes of these families arose from

biarmed ones, usually by pericentric inversion (Kral et al. 2013).

The superfamily Atypoidea is composed of five familes: Atypidae and Antrodiaetidae,
Mecicobothriidae, Hexurellidae, Megahexuridae (Hedin & Bond, 2019), only three of
them have been studied cytogenetically. In the family Atypidae, all studied species belong
to the genus Atypus, their male diploid numbers range from 14 (Rezaé et al. 2006) to 46
(Suzuki, 1949, 1950a). Three sex chromosomes systems were reported in Atypus, namely

X0 (Rezad et al. 2006, Kral et al. 2011), XY (Rezag et al. 2006), and X1X20 (Suzuki 1949,
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1950a, 1954). Concerning the family Antrodiactidae, only three species belonging to
three genera have been studied so far. Diploid numbers in males range from 27 to 47 (Kral
et al. 2013). Chromosomes are mostly biarmed. All analysed species have X0 system
(Hetzler 1979, Kral et al. 2013). Concerning the family Megahexuridae one specie have
been karyotyped, Megahexura fulva 43, X0. This species possesses only biarmed
chromosomes (Kral et al. 2013).

The X0 system of Atypoidea has probably evolved from the ancestral X;X>0 system by
centric fusion; it is supported by a large size of X chromosome of X0 system (Kral et al.
2011, 2013). A4. affinis exihibits neo-sex chromosomes XY, which arose by fusions

between original X chromosome of the X0 system and autosomes (Reza¢ et al. 2006).

Avicularoidea superfamily includes 31 families (Godwin et al. 2018, Hedin et al. 2018, ,
Kulkarni et al. 2023, Wheeler et al. 2017). Concerning Barychelidae family, two species
had been karyotyped only, Cyphonisia sp. 2nd=40, XY? (Kral et al. 2013) and
Atrophothele socotrana 2n3=68, XiX2X3Y (Sember et al. 2020). Karyotype of both
species is predominated by monoarmed chromosomes. Sex chromosome system of these
species is formed most probably by neo-sex chromosomes (Kral et al. 2013, Sember et
al. 2020). Single studied species of the family Ctenizidae (Cyrtocarenum cunicularium,
2nd'=74, X1X20) shows mostly biarmed chromosomes, even sex chromosomes exhibited

this morphology (Kral et al. 2013).

The two karyotyped species from the family Cyrtaucheniidae belong to the genus
Ancylotrypa, they show predominance of monoarmed chromosomes (Kral et al. 2013).
Unfortunately, it was impossible to determine the sex chromosome system (Kral et al.
2013). In the family Dipluridae, two species has been analysed, namely Diplura cf.
petrunkevitchi 2n3=90, X1X2X3X40 and Linothele sericata 2n3=86, X1X2X3X4Xs5X60
(Kral et al. 2011, 2013). These species differ considerably in the chromosome
morphology. D. cf. petrunkevitchi exhibits mostly monoarmed chromosomes. On the
other hand, most chromosomes of L. sericata display biarmed morphology. System
X1XoX3X4Xs5X60 found in L. sericata arose probably from the ancestral Avicularioidea
system (X1X>2X3X40) by chromosome fissions. The larger X chromosomes retained
biarmed morphology, small X chromosomes are acrocentric and arose by fission of
biarmed chromosomes (Kral et al. 2013). The same process formed probably
X1XoX3X4X50 system of Euagrus lynceus (Kral et al. 2013), belonging to the family
Euagridae. The highest number of X has been found in the family Macrothelidae, namely
29



in Macrothele gigas (Macrothelidae), which displays
X1 X2 X3X4X5X6X7X8X0X10X11X12X130 system (Kral et al. 2013). Very high number of X
chromosomes has been found also in another Macrothele representative, M. yaginumai
(X1XoX3XaX5X6X7X8X090) (Kral et al. 2013). In both species, the sex chromosomes were
biarmed (Kral et al. 2013).

In the the family Halonoproctidae, karyotypes of three species have been described. The
genus Cyclocosmia is characterized by enormous differences in diploid chromosome
number. While male of C. siamensis possesses 128 chromosomes (Krél et al. 2013), the
male of C. forreya displays only 42 chromosomes (Hetzler, 1979). Unfortunately there is
no information on sex chromosomes in this genus. Male of Ummidia sp. shows karyotype
53, X0 (Kral et al. 2013). In the family |Idiopidae only one species have been karyotyped,
Titanidiops syriacus 61, X0? (Idiopidae), as well as in families Nemesiidae (/beresia

machadoi 76, X1X20?) and Euctenizidae (Myrmekiaphila torreya £80) (Hetzler, 1979).

The most studied mygalomorphs belong to the family Theraphosidae (Araujo et al. 2024).
Reported male diploid numbers range from 16 (Chaetopelma olivaceum) (Akan et al.
2005) to 110 (Poecilotheria formosa) (Kral et al. 2011). In Ch. olivaceum, however, it is
almost certain that the diploid number was incorrectly determined; our unpublished
results show that it is much higher. Karyotypes are predominated by biarmed
chromosomes (Araujo et al. 2024). The sex chromosome systems are diverse, namely X0
(Kral et al. 2013, Sember et al. 2020), X;X,0 (Painter, 1914, Kral et al. 2013, Sember et
al. 2020), X1X2X3, and X1X2X3X4 (Kofinkova & Kral 2013, Krél et al. 2011, 2013). In
most species, CSCP exhibit a specific behaviour at male germline (Kral et al. 2011, 2013,
Sember et al. 2020).

2.5.1. Banding techniques and molecular cytogenetics in mygalomorphs

The banding techniques have been applied in a few species of mygalomorphs. C-banding
has been used in three species. In Poecilotheria formosa (Theraphosidae), the constitutive
heterochromatin was concentrated in the centromeric and telomeric regions of
chromosomes. The metacentrics of the largest pair showed a centromeric block of
heterochromatin and a large intercalar block at the short arm (Kral et al. 2011). Similar
results were obtained in Macrothele gigas (Macrothelidae) (Kral et al. 2013). In

Psalmopoeus cambridgei, one X chromosome include an intercalar block of
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heterochromatin, which is probably the result of X-X chromosome fusion. The number

of X chromosomes was reduced to two in this spider (Kral et al. 2013).

In some theraphosids, nucleolus organizer regions have been detected, in most species by
silver staining. In Aliatypus californicus (Antrodiaetidae), chromosomes of the largest
pair have two terminal NORs (Kral et al. 2013). Another representative of this family,
Antrodiaetus riversi, shows two chromosome pairs including NOR, one NOR is larger
(Kral et al. 2013). One NOR-bearing autosome pair has been revealed in two members of
the superfamily Avicularioidea, Euagrus Iynceus (Euagridae) and Idiothele mira
(Theraphosidae) (Kral et al. 2013). In two theraphosids, Grammostola sp. (Cabral-de-
Mello et al. 2021) and Tlitocatl albopilosum (Krél et al. 2013), NORs were detected by
FISH. Similarly to Idiothele, one autosome pair beared NOR. Interestingly, sex
chromosome-linked NORs were demostrated in Ischnothele (on chromosomes X and Y)
(Ischnothelidae) and Linothele (Dipluridae) (on one X chromosome) (Kral et al. 2013).
In the representative of the family Nemesiidae, one chromosome of the CSCP beared

NOR at both termini (Kral et al. 2013).
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3. List of methods

Dissection of tissues

Dissection of tissues containing chromosomes from gonads, intestine or from the entire

content of abdomen.

Microscopy

Stereomicroscope (determination of species, dissection of tissues), light and fluorescent

microscopy (evaluation of chromosome preparations).

Conventional cytogenetics

Analysis of mitotic and meiotic preparations stained by Giemsa, detection of constitutive

heterochromatin (C-banding).

Molecular cytogenetics

FISH with 18 rDNA probe.

Molecular biology

DNA isolation, separation (electrophoresis) and quantification of DNA (NanoDrop),

amplification of DNA by polymerase chain reaction (PCR).
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4. Outline of the publications

Publication 4.1. Reza¢ M, Heneberg P, Avila Herrera IM, Glorikova N, Forman M,
Rezadova V, Kral J (2022). Atypus karschi Dénitz, 1887 (Araneae: Atypidae): an Asian
purse-web  spider  established in  Pennsylvania, @ USA. PLoS ONE.
DOl.org/10.1371/journal.pone.0261695

1F2021: 3.7

This study is focused on the genus Atypus belonging to the phylogenetically basal
mygalomorph family Atypidae. This family is composed by three genera (Atypus,
Sphodros, and Calommata) and 54 species. The study is focusing on the karyotype
analysis, taxonomy, the habitat, and natural history of the taxon Atypus
snetsingeri (Sarno, 1973) from Pennsylvania, USA. Our analysis of the molecular
markers (CO1 sequences) showed that A. snetsingeri is identical with Atypus
karschi Donitz, 1887, which is native at East Asia. Therefore, it is an introduced species
at USA. It is the first known case of an introduced mygalomorph spider.

Representatives of the genus A#ypus build a webbed tube, the end of which lies on the
ground in European representatives. The spiders wait for their prey in the tube, then tear
through the tube and pull the specimen inside. In A. karschi, the tube was usually located
vertically (for example on bases of trees or bushes) and camouflaged by substrate and
plant debris. Spiders spent majority of life inside the burrow except for adult males, which
were looking for a female. In Pennsylvania, the habitat of A. karschi varied from the forest
to suburban bushes.

Considering the basal position of atypids in the phylogenetic tree of mygalomorphs, data
on their cytogenetics are very valuable for the reconstruction of karyotype evolution of
mygalomorphs. In spite of this, the cytogenetics of the family Atypidae is poorly
understood; only four species of the genus A#ypus have been studied so far.

Similarly to two European species, A. piceus and A. muralis, male karyotype was formed
by 41 chromosomes including X0 system and predominated by metacentric
chromosomes. The C-banding technique showed centromeric and telomeric blocks of
heterochromatin on the most chromosomes. Fluorescence in situ hybridization revealed

one terminal NOR localized on a chromosome pair. Nucleolus organizer region was
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adjacent to a large pair of heterochromatin. My data showed that NOR-linked
heterochromatin of Atypus is formed by inactivated rDNA.

My contribution: Preparation of chromosomal slides and their evaluation. FISH and C-

banding experiments and their evaluation. Analysis of data, assembly of karyotype.

Preparation of figures, revision of the manuscript.
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Abstract

The mygalomorph spiders of the family Atypidae are among the most archaic spiders.
The genus Atypus Latreille, 1804 occurs in Eurasia and northern Africa, with a single
enigmatic species, Atypus snetsingeri Sarno, 1973, known only from a small area in
southeastern Pennsylvania in eastern USA. A close relationship to European species
could be assumed based on geographic proximity, but A. snetsingeri more closely resem-
bled Asian species. This study was undertaken to learn more about the genetics of A.
snetsingeri, its habitat requirements and natural history. Molecular markers (CO1
sequences) were compared to available data for other atypids and showed that A. snet-
singeriis identical with A. karschi Dénitz, 1887 native to East Asia. Natural history param-
eters in Pennsylvania were also similar in every respect to A. karschiin Japan, therefore,
we propose that the spider is an introduced species and the specific epithet snetsingeriis
relegated to a junior synonym of A. karschi. Cytogenetic analysis showed an X0 sex chro-
mosome system (42 chromosomes in females, 41 in males) and we also detected nucleo-
lus organizing regions and heterochromatin, the latter for the first time in the Atypoidea. In
Pennsylvania the spider is found in a variety of habitats, from forests to suburban shrub-
bery, where the above-ground webs are usually attached vertically to trees, shrubs, or
walls, although other webs are oriented horizontally near the ground. Prey include milli-
pedes, snails, woodlice, carabid beetles and earthworms. Atypus karschiis the first
known case of an introduced purse-web spider. It is rarely noticed but well-established
within its range in southeastern Pennsylvania.

Introduction

Mygalomorph spiders of the family Atypidae are among the earliest divergent groups of spi-
ders [1]. They dig a burrow and construct a ‘purse-web’, usually in the form of a closed tube,
that occupies the burrow and extends above the ground horizontally or vertically for prey
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capture. The webs are well-camouflaged with soil particles and plant debris and potential prey
are sensed when they walk on the surface of the tube. The spider impales the prey through the
silk with its long fangs and injects paralytic venom. It then makes a slit in the tube large enough
to drag the prey inside, repairs the tear with new silk, and feeds on the prey [2-5]. Atypid spi-
ders spend their entire lifetime within their burrow in the silken web, 8-10 years for some
females, and enlarge the burrow as they grow [6-8]. Males abandon their burrows when they
reach maturity and wander in search of females, and then mate within the female’s web. Egg-
laying occurs within the maternal web and fully capable spiderlings emerge later. In contrast
to most mygalomorphs, atypid spiderlings utilize silk for aerial dispersal before establishing
their first web [9-11]. This ability may have allowed some species of atypids to colonize new
areas, including those that were uninhabitable during the last glacial period (e.g., northern
Europe, [12], China [13: 38]).

There are currently three genera and 54 valid species of Atypidae [14]. The genus Atypus
Latreille, 1804 (34 species from Europe, Asia, North Africa and North America), spins an
above-ground web that is tubular and typically lays horizontally and parallel to the soil surface.
In Sphodros Walckenaer, 1835 (seven species from eastern North America) the above-ground
web is tubular and usually attached vertically to trees and other vegetation. In the genus
Calommata Lucas, 1837 (13 species from Africa and Asia) the above-ground web is a flat circu-
lar pouch set on the soil surface [15].

The center of diversity of the genus Atypus, based on the number of species, is in southeast-
ern Asia and at least three species live in the western Palearctic. Despite the number and wide-
spread distribution of Atypus species they are secretive animals, and little is known about their
habitat requirements, natural history, and genetic variation. In central Europe, certain Atypus
species prefer sites with a microclimate regime resembling the climate of the glacial refuges
from where they colonized the region [16]. The species that live on open steppe habitats
require soils rich in calcium that maintain a favorable air humidity in spider burrows, and
those that do not require calcic soils occur only in habitats sheltered by woody vegetation, and
their webs are hidden in detritus [17]. As such, the European Atypus spiders are indicators of
stable relic habitats and considered optimal flagship species in the conservation of disappear-
ing relic xerothermic habitats [8].

Currently there are 16 species of Atypidae with available DNA sequence data, eleven of
which represent the genus Atypus [18]. In contrast, only four atypid species, also in the
genus Atypus, have been studied for their chromosomal constitution: Atypus affinis Eich-
wald, 1830; Atypus karschi Donitz, 1887; Atypus muralis Bertkau, 1890; and Atypus piceus,
Sulzer, 1776. The reported diploid number ranges from 14 to 44, and sex chromosome sys-
tems XY, X0, and X,X,0 have been described [19-21]. There are no data on other chromo-
some features, such as constitutive heterochromatin or nucleolus organizing regions
(NORs). Those chromosome markers have been sporadically examined in Mygalomor-
phae [19,22].

This study looked at the genetics and habitat requirements of the lone species of Atypus
found in North America, Atypus snetsingeri Sarno, 1973 [23]. This spider appears to be
restricted to a small geographic area near Philadelphia, Pennsylvania in eastern USA [24]. It is
morphologically very similar to A. karschi of Asia [7,25,26], and has been considered a possible
introduction to North America. To help resolve its relationship with other atypids, the karyo-
type and genetic barcode (CO1) were developed for A. snetsingeri to compare with other Aty-
pus species, along with observations on habitat associations and natural history. Data on
karyotype [e.g., 27,28] and genetic barcode are frequently used to reconstruct phylogeny and
evolutionary history of taxa including spiders.
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Material and methods
Study locations

In November 2013 we visited eight sites in Delaware County, Pennsylvania, that were known
to have A, snetsingeri populations [Tessler, personal observations]. The sites ranged from
semi-urban areas near the type locality to wooded county parks along riparian corridors where
purse-webs were common (51 File). The primary site used for detailed web observations, spec-
imen excavation and collection was a fallow field adjacent to forest at the Tyler Arboretum
(hereafter "Tyler", Media, PA). That field was mowed annually to control invasive plants and
facilitated access to the webs.

Habitat and natural history

At each site, we assessed the primary vegetation cover and soil type. The land orientation of
the web location was measured using a compass and the slope angles using an optical reading
clinometer to the nearest 0.5°. Soil penetration resistance was measured as described by Srba
& Heneberg [29], where higher values reflect mechanical impedance for burrowing.

The range of web sizes (tube diameter) was visually assessed in the field and prey were
noted by identifying remnants of invertebrates found attached to webs. The webs of 18 adult
females were excavated on 5-9 November 2013. The length of the purse-webs was measured,
distinguishing the below-ground and above-ground sections by coloration and attached soil.
The size of the females was characterized by measuring the length of the carapace along the
midline. When juveniles were present, their number was counted. Several juvenile specimens
were also excavated for the karyotype analysis (webs not measured). Voucher specimens from
this study were deposited at the Crop Research Institute, Prague, Czechia.

Statistical analysis

We used Pearson’s correlation test to analyze carapace size against web parameters (length of
the below-ground and above-ground length) and to analyze the correlation between individual
web parameters. We used Spearman’s rank correlation test to evaluate the correlation between
female size and number of offspring. The difference in body size between females with off-
spring and females without offspring was analyzed using the Welch two sample t-test. We
tested the variances in the below-ground and above-ground parts of the web by F-test. Nor-
mality was tested by the Shapiro-Wilk normality test. Data were analyzed in the statistical soft-
ware R 3.6.2 [30]. The means are given with + the standard error of the mean as a measure of
sampling distribution.

Karyotype analysis

Chromosome preparations were obtained from gonads of one immature male (testes present,
sex can not be distinguished in living juveniles) and one mature female (ovary present). We
followed the spreading technique described for mygalomorphs by Krél et al. [22] except for fix-
ation procedure. Due to a small size of gonads, we used two fixations (10 and 20 min) instead
of three. The standard preparations were stained by 5% Giemsa solution in Sérensen phos-
phate buffer for 25 min. The evaluation of the karyotype was based on five mitotic metaphases.
The chromosome measurements were carried out using Image]J software [31]. The relative
chromosome lengths were calculated in each specimen independently as a percentage of the
total chromosome length (TCL) of the haploid set, including sex chromosome. Chromosome
morphology was classified according to Levan et al. [32].

PLOS ONE | https://doi.org/10.1371/journal.pone.0261695 July 7, 2022 3/21

37



PLOS ONE

Alypus karschi: Asian spider established in the USA

Our study also includes detection of constitutive heterochromatin and nucleolus organizing
regions. Male mitotic plates were used to visualize these markers, Constitutive heterochroma-
tin was detected by C-banding following Kril et al. [33]. Preparations were stained by 5%
Giemsa solution in Strensen phosphate buffer for 75 min, NORs were visualized using fluores-
cence in situ hybridization (FISH) with a biotin-labeled probe for 185 rDNA sequences. The
probe was obtained from Dysdera erythrina Walckenaer, 1802 (Dysderidae). FISH, probe
detection by streptavidin-Cy3 and signal amplification was performed as described by Forman
etal. [34].

DNA extraction, amplification and sequencing

We isolated the DNA from legs of three A. snetsingeri individuals. We washed the ethanol-
fixed legs twice for 15 min using 1 ml of 10 mM Tris-HCI (pH 7.5) with 5 mM EDTA. Subse-
quently, we extracted the DNA using a NucleoSpin Tissue XS kit (Macherey-Nagel, Diiren,
Germany) according to the manufacturer’s instructions, We then amplified the DNA using
primers targeting nuclear (ITS2) and mitochondrial (CO1) loci using the following polymerase
chain reaction mix: 10 mM Tris-HCI (pH 8.8), 50 mM KCl, 1.5 mM MgCl,, 0.1% Triton
X-100, 0.2 mM dNTP (each), 1 uM forward primer, 1 pM reverse primer, 0.5 U of Tag DNA
polymerase (Top-Bio, Prague, Czech Republic), and 300 ng of extracted genomic DNA. The
total reaction volume was 25 pl. To amplify the ITS2 locus, we used the primers ApicITS2FW2
(5'-CGATGAAGAACGCAGCCAGCTGCGAG-3; [35]) and RITS (5-TCCTCCGCTTATTGAT
ATGC-3'; [36]). To amplify the CO1 locus, we used the primers LCO1490 (5'-GGTCAACAAAT
CATARAGATATTGG-3'; [37] and C1-N-2194 (5'-CTTCTGGATGACCAARAAATC-3'; [38]). We
performed the reaction using an Eppendorf Mastercycler Pro thermal cycler (Eppendorf,
Hamburg, Germany) for 36 cycles with 15-s denaturation at 94°C, 2-min annealing at
43-57°C, followed by a 1-3-min extension at 72°C. We initiated the cycling with a 2-min
denaturation at 94°C and terminated it after 5-min incubation at 72°C. Subsequently, we puri-
fied the amplified DNA using USB Exo-SAP-IT (Affymetrix, Santa Clara, CA) and bidirection-
ally sequenced the amplicons using an ABI 3130 DNA Analyzer (Applied Biosystems, Foster
City, CA). For the three individuals of A. snetsingeri analyzed in their ITS2 locus and two for
their CO1 locus, all the obtained ITS2 and CO1 sequences were identical. The resulting con-
sensus DNA sequences were submitted to NCBI GenBank under accession numbers
MT957000-MT957001 (CO1) and MT957146- MT957148 (ITS2).

Alignments and phylogenetic analyses

We aligned the newly generated sequences with those of nine Atypus spp. obtained from NCBI
GenBank as of September 7, 2020, and sequences of the corresponding outgroups by using
MUSCLE [39,40] (gap opening penalty -400, gap extension penalty 0, clustering method
UPGMB, lambda 24). We manually corrected the alignments for any inconsistencies, trimmed
the aligned sequences to ensure that they all represent the same extent of the analyzed locus,
removed short-length sequences from the alignments, and used only trimmed sequences for
further analyses. The trimmed ITS2 locus [containing partial 5.85 ribosomal DNA and partial
(close to full-length) ITS2 sequences] corresponded to nt 62-385 (324 bp) of Atypus baotian-
manensis Hu, 1994 KP208877.1. The trimmed CO1 locus (partial CO1 coding sequence) cor-
responded to nt 23-595 (573 bp) of A. piceus KX536935.1. For each locus, we calculated the
maximum likelihood fits of 24 nucleotide substitution models. We used a bootstrap procedure
at 1,000 replicates and the nearest-neighbor-interchange as the maximum likelihood heuristic
method to determine the tree inference when the initial tree was formed using a neighbor
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joining algorithm. We used best-fit models for the maximum likelihood phylogenetic analyses,
including the estimates of evolutionary divergence between sequences.

Ethics statement

We studied spiders that are not protected by any law, and specimens were collected ethically
with permission of the land owner. Approvals for such studies are not required from ethics
committees in either the USA or the Czech Republic.

Results
Phylogenetic analysis

Sequence analysis of the DNA of A. snetsingeri has clarified its identity and the unusual pres-
ence of the genus in North America. We found that the CO1 locus had a 100% sequence simi-
larity (genetic distance of zero) with the matching 639bp-long CO1 locus of A. karschi
(SDSU_MY4706) from the Honshu Island, Japan [41]. After A. karschi the most closely related
species for which sequences were available (Fig 1A) was the Asian Atypus heterothecus Zhang,
1985, with a genetic distance of 0.131 + 0.021 of base substitutions per site between sequences.
The European species, A. piceus and A. affinis, were basal to A. snetsingeri as well as to the
whole group of hitherto sequenced Asian Atypus spp. (Fig 1A). Concerning the ITS2 locus, the
sequences of only two other Atypus spp. are known (Fig 1B); therefore, this hypervariable
locus awaits future analyses when more comparative data are available. The genetic distance to
the closest species already sequenced in the ITS2 locus, A. baotianmanensis, was 0.109 + 0.022
of base substitutions per site between the sequences.

Taxonomy

Based on an exact match of the genetic CO1 barcode data, the A. snetsingeri purse-web spiders
in Pennsylvania appear to represent an introduced local population of the Asian species A.
karschi. In the remainder of this paper those spiders are referred to as A. karschi from Pennsyl-
vania’. The specific epithet snetsingeri is relegated to a junior synonym of karschi.

Atypus karschi Donitz, 1887

Atypus snetsingeri Sarno, 1973: Sarno 1973 [23]: page 38, figs 1-9 (description of both
sexes). New synonymy.

A. snetsingeri Gertsch and Platnick 1980 [25]: page 11, figs 9, 13-20 (both sexes).

A. snetsingeri Schwendinger 1990 [7]: page 360, fig. 18 (female).

Remarks. The synonymy was based on finding that the CO1 gene, used as a molecular
barcode, of snetsingeri specimens from Pennsylvania was identical with that of A. karschi from
the Honshu Island, Japan [41].

Cytogenetic analysis

The female karyotype of A, karschi from Pennsylvania showed 2n = 42 chromosomes and the
male had 2n = 41 (Fig 2A), suggesting an X0 sex chromosome system. Chromosomes were
metacentric except for one pair, which exhibited submetacentric morphology (Fig 2B). The
chromosome pairs gradually decreased in size, with the length of chromosome pairs in the
male ranging from 7.13% to 3.31% of TCL and in the female from 6.13% to 3.31% of TCL. The
sex chromosome was a metacentric element of medium size in both male (TCL = 4.27%) and
female (TCL = 4.09%) (Fig 2A and 2B). Concerning meiosis, pachytene nuclei were found in
both the male and female specimen. In the male pachytene, the univalent X chromosome was
on the periphery of the nuclei. X chromosome arms were often associated with each other
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i'— KP208881.1 Atypus bactianmanensis
63 MH279554.1 Atypus jianfengensis

64 —————— KP208886.1 Atypus yajuni

I: MH279559.1 Atypus baotingensis
- 100 MH279560.1 Atypus ledongensis

—— MT957001 Atypus snetsingeri 3LF-1130

mlb— Kkp208882.1 Atypus heterothecus
KX536935.1 Atypus piceus

KY017595.1 Atypus affinis
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MG047275.1 Sphodros niger

i’:KPZOBS?’M Atypus baotianmanensis
KP208880.1 Atypus yajuni

MT957146 Atypus snetsingeri 3LF-1129

0.1

KY294998.1 Eucyrtops eremaeus

Fig 1. Phylogenetic analyses of the position of A. snetsingeri (A. karschi in Pennsylvania, USA) in the genus Atypus based on the sequences of the
CO1 (A) and ITS2 (B) loci by the maximum likelihood approach. The evolutionary history was inferred using the Tamura-Nei model (A) or the
Kimura 2-parameter model (B), both with a discrete Gamma distribution used to model evolutionary rate differences among sites. The models were
selected based on the highest Bayesian information criterion scores of the maximum likelihood fits. The trees are drawn to scale, with branch
lengths indicating the number of substitutions per site. All codon positions, including noncoding positions, were included; the analyses were based
on 573 paositions (A) or 345 positions (B).

https://doi.org/10.1371/journal.pone.0261695.9001

during this period. Moreover, the X chromosome showed positive heteropycnosis (i.e., it was
stained more intensively than other chromosomes). The other bivalents exhibited prominent
knobs (Fig 2C).

C-banded chromosomes exhibited small intercalar and terminal blocks of heterochromatin.
The submetacentric pair showed a prominent large block at the terminal part of the long arm
(Fig 2D). It occupied on average 36% of the chromosome length (n = 10). The karyotype con-
tained one NOR locus that was localized in the end of the long arm of the submetacentric pair
(Fig 2E). The NOR colocalised with the large block of heterochromatin and was of consider-
able size (37.2% of the chromosome length, n = 8).

Habitat

The eight A. karschi sites that we visited in Delaware County in 2013 represented suburban
neighborhoods, small wooded parks, narrow riparian zones along developed stream corridors,
and protected parklands (S1 File). The purse-webs were located in a variety of habitats at those
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Fig 2. Chromosomes of A. karschi, Pennsylvania, USA. A, B. Male (A) and female karyotypes (B), stained by Giemsa, based on mitotic metaphase. 2nd" = 41, X0; 2n? =
42, XX. Empty arrowhead-centromere of submetacentric pair. C. Male pachytene. Note heterochromatic X chromosome on the periphery of the nucleus and prominent
knaobs on the bivalents. Inset: Scheme of sex chromosome. Note an association of X chromosome arms. Arrow-sex chromosome. D. Male mitotic metaphase, C-banding.
Chromosomes exhibit intercalar and terminal heterochromatin blocks. Inset: Magnified submetacentric chromosome containing a large block of heterochromatin (from
another mitotic metaphase). Arrowhead-a large block of heterochromatin, empty arrowhead-centromere. E. Male mitotic metaphase, detection of rDNA cluster (FISH).
Note chromosomes of a submetacentric pair co

aining a terminal rDNA cluster at long arm. Arrowhead-rDNA cluster, empty arrowhead-centromere. Scale bars: 10 um.

https://doi.org/10.1371/journal.pone.0261695.9002

sites, including the shrubbery along suburban sidewalks, slopes and bottoms of wooded val-
leys, beech forests and a fallow field that is mowed annually. Typical habitats of A. karschi in
Pennsylvania are shown in Fig 3.

The inclination (slope) of the sites varied from 0-40°, ranging from a flat field to riparian
hillsides. Where a site in our study had a slope it usually faced the south but the azimuth of ori-
entation varied from 95-340", excluding only the coldest north and north-east exposures. The
soil on slopes was usually not aggregated, was sandy or powdery, and of yellow or grey color
below the shallow humus layer. In valley bottoms, the spider lived in fluvisol and in the sub-
urbs in anthropogenic soils. Soil penetrability ranges from 0.5 to 3.25 (n = 14, mean
2.02 +0.31). The webs were typically associated with woody vegetation, and bush/shrub cover
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Fig 3. Habitats of A. karschi in Pennsylvania, USA; (1A) suburban bushes along Essex Ave (~200 m from type locality of A. snetsingeri), (1B) fallow field at Tyler
Arboretum, (1C) riparian woods, Swedish Cabin site on Darby Creek, (1D) forest, Smedley Park.

https://dol.org/10.1371/journal.pone.0261695.9003

ranged from 5-100% (mean 40%) and tree cover from 0-90% (mean 50%). The soil surface
where webs occurred was without moss, and the herbaceous cover was usually sparse (from
0-90%, mean 20%).

Natural history

The above-ground webs we observed were vertical and mostly attached to the base of thin
stems of bushes or on trees (Fig 4B), but a few were attached to rock (Fig 4C). In early Novem-
ber three size categories were visually distinguished in the field by their relative web diameters,
representing small and medium juveniles, and adult females. According to prey remnants
found on their webs, they feed on millipedes (Julida and Polydesmus sp.), snails (Cochlicopa
sp.), woodlice (Porcellio sp.) and carabid beetles.

All 18 excavated webs contained adult females (S2 File), although some webs were damaged
in the process. Eleven webs also contained a brood of juveniles, one of which was partially lost
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Fig4. A. karschiand its webs in Pennsylvania, USA, (4A) adult female and male (on the left), (2B) vertical web attached to the base of a tree and
(4C) to a boulder, (4D) horizontal web covered in thatch (4E) and with thatch removed, (4F) a detail of recently trimmed ivy in front of the same
bushes shown in Fig 3A, with 16 purse-webs circled.

hitps://doi.org/10.1371/journal.pone.0261695.g004

during excavation and not used for count statistics. Four of the webs were badly damaged dur-
ing excavation and were not measured. Of the remaining 14 webs, one had a broken below-
ground section that was only partially intact and not used for statistics. Body size of the females
(carapace length) varied by only about Imm (n = 18, min 5.04 mm, max 6.18 mm, mean

5.68 + 0.09 mm). There was no significant difference between the body size (carapace length)
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of the females with (n = 11) and without (n = 7) juveniles (Welch two sample t-test t = 1.45,

p = 0.17). The number of juveniles ranged from 70 to 201 (n = 10, mean 121.30 + 11.66) and
did not correlate with the body size of the female (Pearson’s correlation n = 10, r = 0.32,

p = 0.37). Total web length (both sections intact) ranged from 13 to 29 cm (n = 13, mean

17.77 + 1.13 cm). The length of the subterranean section of web associated with the burrow
ranged from 6 to 10 cm (n = 13, mean 8.3 + 0.3 cm) and did not correlate with the body size of
the spider (Pearson’s correlation, n = 13, r = -0.44, p = 0.13). The length of the above-ground
web ranged from 5 to 13 cm (n = 14, mean 8.54 + 0.67 cm) and also did not correlate with the
body size of the spider (Pearson’s correlation, r = 0.02, p = 0.94). The length of the above-
ground web was more variable than the length of its subterranean part (F test, n = 13, F = 0.23,
p = 0.018) (Fig 5). The ratio of below-ground/above-ground lengths ranged from 0.62 to 1.80
(n =14, mean 1.09 + 0.08) and did not correlate with the body size of the spider (Pearson’s cor-
relation, r = 0.02, p = 0.94).
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Fig 5. Boxplots showing the variation of the below-ground and above-ground lengths of excavated purse-webs of A.
karschi, Pennsylvania, USA (n = 13). The means are indicated by an x and the hollow dot indicates an outlier (less than
the 25th percentile minus 1.5 x Interquartile range).

https://doi.org/10.1371/journal.pone.0261695.9005
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Discussion
Genetic identity of A. snetsingeri

The presence of a geographically isolated population of an Atypus species in North America,
where the other purse-web spiders are in the genus Sphodros, has been mildly controversial.
Due to the species’ location on the eastern coast of the USA a close relationship with European
Atypus species could have been expected. However, morphologically, A. snetsingeri closely
resembled Asian species, especially A. karschi [7,25]. Raven [26] questioned whether the Aty-
pus in North America was introduced.

The newly obtained molecular data for A. snetsingeri have resolved those questions by
showing that the Pennsylvania species is conspecific with Asian A. karschi. Sequence data of A.
snetsingeri was a genetic match with sequence data for A. karschi from Japan, supporting an
East Asian origin and introduction. Based on these data we propose a formal synonymy for A.
snetsingeri, which now becomes a junior synonym of Atypus karschi. Differences reported for
morphological features compared to A. karschi in Asia probably represent intraspecific varia-
tion given the small number of A. snetsingeri specimens actually examined by researchers
[7,25].

Parts of the genome of “Atypus snetsingeri” (based on NCBI sequences DQ639853.1,
DQ680323.1 and KY016940.1) were previously used in spider phylogeny studies to represent
the genus Atypus [41-43] or the entire family Atypidae [44]. Wheeler et al. [1] used A. snetsin-
geri and A. affinis data to represent Afypus, and added Sphodros for the family Atypidae. Those
A. snetsingeri data are now considered to represent A. karschi in Pennsylvania. Recently the
entire mitochondrial genome was sequenced for Atypus karschi in China [45], which is very
useful for further comparative studies of the Atypoidea.

Cytogenetic analysis

Most karyotype data on spiders concerns araneomorphs [46], but some karyotypes of mygalo-
morph spiders have been published [19,20,22,47,48]. Representatives of the superfamily Aty-
poidea display a similar range of diploid numbers as araneomorph spiders (from 14 to 47).
Most Atypoidea exhibit the X0 sex chromosome determination system, which may be the
ancestral sex chromosome determination of this superfamily [22].

In the family Atypidae only four species in the genus Atypus have been studied cytogeneti-
cally. Atypus karschi in this study exhibits 2nd = 41, X0 and predominance of metacentric
chromosomes, which is in accordance with the karyotypes of central European species A.
piceus and A. muralis [20]. These karyotype features could be ancestral within the genus Aty-
pus. The karyotype of European A. affinis having 2no’ = 14, XY, was derived from chromo-
somal complement 2nd = 41, X0 by series of chromosomal fusions leading to decreasing of
diploid count and formation of a neo-sex chromosome system XY [20].

Notably, an earlier karyotype developed for A. karschi in Japan [21] differs considerably
from those reported in this study from Pennsylvania. The male karyotype reported from Japan
consisted of approximately 44 acrocentric chromosomes, including an X, X,0 system, not the
41 biarmed (i.e. metacentric and submetacentric) chromosomes and X0 pattern reported here.
The discrepancy may be due to interpopulation variability, but although mygalomorph spiders
exhibits considerable karyotype diversity [22], such an enormous degree of interpopulation
karyotype variability is very unlikely. Therefore, we suggest that the karyotype data of the Japa-
nese population may have been misinterpreted. The karyotype of Atypus is formed by a rela-
tively high number of small chromosomes, which makes it difficult to determine the precise
diploid number and chromosome morphology. Moreover, the method of chromosome
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preparation used by Suzuki [21] did not include treatment with a hypotonic solution, so the
spreading of chromosomes would have been less pronounced than in the present study using
the methodology of Kril et al. [22]. Regarding determination of the sex chromosome system, a
single metacentric X chromosome of an X0 system could be erroneously considered as two
acrocentric X chromosomes of an X, X,0 system attached at one end during meiosis.

Within the framework of our cytogenetic analysis, we were able to detect constitutive het-
erochromatin for the first time in the Atypoidea. Most chromosomes of A. karschi exhibited
intercalar and terminal blocks of heterochromatin. The distribution of blocks suggests that 1)
most intercalar blocks are placed at centromeric regions and 2) terminal blocks are formed at
telomeric regions. This is consistent with the pattern of distribution of constitutive heterochro-
matin most commonly found in spiders [47].

Nucleolus organizer regions are chromosome domains containing tandemly repeated
sequences of rRNA genes that are involved in formation of the nucleolus [49], and their loca-
tion on chromosomes may have taxonomic value. These regions have been detected in ten spe-
cies of mygalomorphs including four species of Atypoidea [22, this study]. The number of
NORs in Atypoidea ranges from one to four loci, and they are always situated on chromosome
pairs. NORs are usually detected by impregnation with silver or by FISH with rDNA probe,
although the first technique can underestimate absolute number of NORs by visualizing only
loci transcribed during previous cell cycle [50]. However, most NOR detections in mygalo-
morphs have been performed by silver staining. Fluorescence in situ hybridization, which we
applied to detect NORs of A. karschi in this study, have been used with only one other mygalo-
morph species, Tliltocatl albopilosum Valerio, 1980 (Theraphosidae) [22]. Both species display
one terminal NOR localized on a chromosome pair, which may be the ancestral condition for
spiders [22]. The NOR of A. karschi is associated with heterochromatin, which is a common
feature of rIDNA in eukaryotes [e.g., 51,52]. Comparison of the length of the rDNA cluster and
heterochromatin block suggests that heterochromatin associated with the NOR is formed by
inactivated rDNA. This pattern is in an agreement with the current model for NOR organiza-
tion, in which major regions of rDNA are often inactivated and only a restricted fraction of
rDNA is transcribed [53].

Habitat

Asian Atypus species are generally considered to be forest-dwellers, but some are reported
from more open xerothermic habitats [7,62]. Details about natural history for most species is
limited to brief remarks in the taxonomic literature, but those comments can include impor-
tant observations about capture method, habitat features or tree species associated with the spi-
ders or their webs at the time of collection [7,13,62]. These types of data increase in value over
time for planning future surveys and tracking spider distributions or habitat changes over
time.

Atypus karschi in Pennsylvania appears to be undemanding regarding habitat requirements
(see the S1 File) and can be locally abundant where it occurs, In Pennsylvania this species is
found in protected riparian woodlands, brushy woodlots and at least one mowed field, and is
also reliably found in some suburban neighborhoods where webs are built at the base of shrubs
or along walls and fences. Miyashita [54] reported a similar situation in Japan where A. karschi
is “common” and “usually live(s) in shady and humid places such as woods and shrubberies.”
Images posted on iNaturalist [55] of A. karschi in East Asia also support a tolerance of human-
modified settings where they were encountered (wall, fence and stone garden).

Unlike A. karschi in Pennsylvania, the three European Atypus species are not found in habi-
tats subjected to recent or regular disturbance, and they are well studied. They are known to
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require habitats with specific edaphic conditions and association with particular vegetation
types and sun-facing slopes [16]. European atypids are rare enough to be red-listed in all Cen-
tral European countries, and their presence at a site is an indicator of a relic habitat worthy of
conservation management [8,56].

Natural history

The life history of A. karschi in Japan was studied in detail by Miyashita [54] under semi-out-
door conditions and reported with prior data from Aoki [57] and Yaginuma [58]. Basic natural
history parameters of A. karschi in eastern Asia and A. snetsingeri in the USA are contrasted in
Table 1 and indicated a similarity in every respect (body size, ontogeny, phenology, fecundity,
morphology of webs, environment). No difference was found that would refute the conspecifi-
city of the Pennsylvania population with Asian A. karschi.

The webs of A. karschi in Pennsylvania are attached to a variety of supports (trees, shrubs,
grasses, rocks, walls and fences) where the ground surface is either covered by or nearly devoid
of litter. Gertsch and Platnick [25] contemplated whether the above-ground purse-web orien-
tation could be useful to distinguish between Afypus (horizontal webs) and Sphodros (vertical
webs), but this is not a distinguishing character as species in both genera can and do make

Table 1. Natural history p (body size, y, phenology, fe dity, morphology of webs, environ-
ment) reported for Atypus karschi in Japan and for the introduced population known as A. snetsingeri in Pennsyl-
vania, USA.

Natural history parameter Atypus karschi (Jn_pﬂn_) Atypus snetsingeri (USA)
Body size
Carapace length of males 3.87-4.23 mm [59] ;_3.2—4.6 mm [23]
Carapace length of females 4.77-5.76 mm [59] i 34-7.0mm [23]
Ontogeny -
No. of eggs mean 124, maximum 270 [54] | mean 121, maximum 201 (this study)
No. of moults before reaching | 8-9 in males, 9-11 in females [54] unknown
maturity
Age of maturation 3 years [54] possibly 3 years, based on three concurrent
web size categories in the population (this
study)
Phenology | |
Mating season June—(July) August [54,57 | June-August [23,24]
eggs July (August)—Septeml July-September [24]
. _[5—},57,581 |
farvae Digtabes [60,61], | September [24]
1st nymphal instar late October-April (dispersion) September-March (dispersion) [24]
[54,57]
Morphology of webs ‘
Orientation of the above- vertically attached to the tree trunk | vertically attached to the tree, hedge or wall
ground web or rock [61] [23] or horizontally oriented in grass and
| thatch [24]
Length of the above-ground | Up to 20 cm (almost the same as the | Up to 25 cm [23]
web | depth of the burrow) [61] |
Depth of the burrow Up to 20 cm [54,61] | Up to 20 cm [23]
Environment 1 I (3
Microclimate Shady and moist, in the forest close | Mostly shady and moist, in litter and areas
to the trees, rocks or bamboo with loose soil [this study]
[54,61]
Habitat Forests and shrubs [54,61] Forests and shrubs, disturbed areas [this
i study]
https://doi.org/10.1371/journal.pone.0261695.t001
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both kinds of webs [62]. In this study in 2013 we observed vertical webs of A. karschi at the
sites visited, but the spiders are also known to make horizontal webs in thatch and grass [24].
In Tyler’s fallow field, for example, vertical webs can be found on plant stems within a few cen-
timeters of horizontal webs in surrounding grasses.

Although vertical webs are characteristic of most North American Sphodros species, Spho-
dros niger Hentz, 1842 may preferentially build horizontal webs, at least in some settings
[63,64]. Mckenna-Foster et al. [65] also found that Sphodros rufipes Latreille, 1829 in New
England used whatever support was available and many webs were close to the ground. The
suggestion that horizontal webs are an adaptation to prey capture under the snow [7] may
ignore the function of vertical webs at ground level. In Pennsylvania A. karschi habitats experi-
ence snow and cold temperatures each year. In Tyler’s field the horizontal webs laying near the
soil surface tend to be well-buffered by leaf litter or thatch, but basal sections of nearby vertical
webs are often similarly buffered and may likewise function normally in the same subnivean
environment when both prey and spiders are active [Tessler, personal observations].

In this study we measured the webs of fourteen adult females from a fallow field with homo-
geneous soil. We found the overall length of the webs were shorter than those observed by
Sarno [23] around a house foundation and on shrubs in a suburb (see Table 1), probably
reflecting different conditions and prey availability between sites. The length of the aerial web
was more variable than that of the underground part (Fig 5). Less variation in the underground
web length may reflect a minimum depth of the burrow necessary for suitable microclimate,
constraints imposed on digging, or the shallow soil frost depth in winter at that site. Depth of
burrows differs among European Atypus species, where the species living in arid habitats tend
to dig deeper burrows than those living in woody vegetation [8].

The number of juveniles found within maternal webs of A. karschi in Pennsylvania and
Asia were similar (max. 201 and 270, respectively), and in the same range as European Atypus
species (A. affinis max. 191, A. piceus max. 168, A. muralis max. 150; M. Rezac, personal obser-
vations). Mortality of captive A. karschi spiderlings is reportedly high [23,56]. In mygalo-
morphs, spiderlings disperse by walking away from the maternal web, sometimes in single file,
or by using a dragline-based aerial method known as suspended ballooning [11]. The extent to
which either dispersal behavior contributes to spiderling mortality is unknown. In Pennsylva-
nia, aerial dispersal occurs in March and April for A. karschi [24] in both field and forest
habitats.

Prey we observed for A. karschi in Pennsylvania were mostly ground-based invertebrates,
especially millipedes, similar to observations on S. niger in New England [64]. A. karschi in
Pennsylvania has also been observed feeding on earthworms, and will readily capture orthop-
teroids and other insects that contact the web while climbing vegetation, including the pestifer-
ous spotted lanternfly (Hemiptera: Fulgoridae: Lycorma delicatula White, 1845) that was
recently introduced into Pennsylvania from Asia [Tessler, personal observations]. It is
unknown what effect A. karschi has on its local environment or prey species.

Distribution of A. karschi in Pennsylvania

Prior to this study, A. snetsingeri had been considered a unique species with a decidedly Asian
morphology and an enigmatic presence in northeastern North America, near Philadelphia.
Raven [26: pg 124] used a parenthetical remark to question whether the isolated Atypus in
North America was "[possibly introduced],” and Schwendinger [7: pg 364] agreed it could
explain A. snetsingeri’s "restricted distribution in a generally well investigated area.” Schwen-
dinger [7] also recognized that the "obviously close" relationship of the species pair A. karschi/

A. snetsingeri resembled the well known biogeographic pattern referred to as the eastern Asian
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—eastern North American disjunction [66,67], one of several intercontinental disjunctions of
interest in paleontology and systematics. Zhu et al. [13: pg 38] agreed that the species may have
spread southward during the Pleistocene, but rejected Schwendinger’s land bridge hypothesis
and "would rather consider A. snetsingeri as a relict of glacial periods."

Based on current information, we disagree with both natural origin scenarios for the occur-
rence of A. karschi in North America and believe that the Pennsylvania population is the result
of introduction by man and not ancient vicariance. Mygalomorph spiders usually have deep
molecular differences even among populations of the same species [41]. But A. snetsingeri is
genetically identical to A. karschi, and its distribution and association with disturbed habitats
suggest a more recent introduction.

A. karschi seems to possess three preadaptations that allowed it to successfully colonize
southeastern Pennsylvania following its introduction. First, it occurs over a wide area in east-
ern Asia with a similar temperate climate (Japan [61]; Chinese provinces Hebei, Anhui, Sich-
uan, Guizhou, Hubei, Hunan, Fujian [59]; Taiwan [68]; Korea's Ungil Mountain [69]).
Second, it produces a large number of lightweight juveniles that disperse aerially using a
method known as suspended ballooning [11,24,54,70]. Third, our results in Pennsylvania indi-
cate that the species is ecologically plastic and does not appear to have specific habitat, edaphic
or microclimatic requirements, even thriving in settings frequently impacted by humans.

The original description and first review of the species A. snetsingeri in Pennsylvania were
based on specimens taken from two nearby suburban sites in Lansdowne and Upper Darby in
eastern Delaware County near Philadelphia [23,25]. At that time, the spider was known to be
common and unnoticed in the surrounding areas within the Cobbs Creek and Darby Creek
drainage basins [Tessler, personal observations]. Since that time a visual survey for vertical
purse-webs at publicly-accessible parks and woodlands in the region [24] has shown that aty-
pids are relatively common (and unnoticed) across Delaware and Philadelphia counties and
into adjacent areas of Montgomery and Chester counties (Fig 6). The polygon in the map
shows the extent of vertical purse-web sightings as an estimate of the species’ distribution,
including all previously known and verified A. karschi sites (as A. snetsingeri), but the webs
alone are not diagnostic [7,25]. It is possible that vertical-web building S. rufipes or horizontal-
web building S. niger [64,65] also occur in that area but are as yet undetected, and those species
may be documented as purse-web sites are revisited to make species determinations. Atypid
field surveys can utilize external morphological features to identify wandering males and exca-
vated females [71]. Mature males of A. karschi are distinguished from northern Sphodros spe-
cies (S. niger, S. rufipes, S. atlanticus) by their color, small palps and a ridge around the
sternum, while females and immatures are distinguished from Sphodros by their sternum
sigilla pattern and the posterior lateral spinnerets [PLS, 25]. In particular, A. karschi has dis-
tinctly four-segmented PLS, whereas the northern Sphodros species have only three segments.

Interestingly, Sphodros purse-web spiders have been reported in Pennsylvania and adjacent
states [25], but not in the same areas as A. karschi. This is unsurprising because atypids and
their webs are rarely noticed or reported even when they are locally abundant [24,71], and
while perhaps provocative, those observations are not evidence of displacement of any local
species by the introduction of A. karschi. Sphodros may yet be identified within the estimated
A. karschi range. Of historic interest, the first "red-legged" purse-web spider reported from
North America was in 1829, a male taken "near Philadelphia” and sent to France to later
become the holotype specimen for Sphodros rufipes [25]. A more precise location was not
given and since that time S. rufipes has not been reported in the Philadelphia region of Penn-
sylvania, with the nearest record in coastal New Jersey. Sightings of wandering Sphodros males
near southeastern Pennsylvania and reported in iNaturalist [72] indicate that: 1) 8. rufipes
occurs nearby in coastal regions of Maryland and New Jersey south and east of the
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Fig 6. Study sites, counties and estimated area containing Atypus karschi in southeastern Pennsylvania, USA. The hollow circles mark the sites described in this study
and the star is the type locality of A. snetsingeri. The minimum convex polygon encloses a nearly contiguous area where vertical purse-webs have been found in a recent
visual survey in the region [24], and includes the relatively few sites where a species identification to A. karschi (as A. snetsingeri) has been made through previous
collections, male sightings and female excavation and examination. Sphodros species may also be found in that area as purse-web sites are revisited for species

determination.

https://doi.org/10.1371/journal. pone.0261695.9006

Philadelphia area, and northward into New England; 2) S. niger was found west and north of
Philadelphia within Pennsylvania and nearby in the states of New Jersey, Delaware and Mary-
land; and, 3) S. atlanticus is reported south of the A. karschi area in coastal Delaware and
Maryland. More research is needed on North American atypid spiders to clarify their distribu-
tions, habitat and vegetation associations, prey preferences, possible interactions and impacts
on their local ecology. Those data will also facilitate determining whether the distributions of
Sphodros and A. karschi change in the future in response to regional land-use practices, local
habitat destruction and development, or climate change.

It is unlikely that the source and timing of A. karschi’s introduction to Pennsylvania will
ever be determined. The species has a broad native range in East Asia extending from China
and Taiwan to Japan [14], and it was recently also reported in Korea [69]. The Philadelphia
region (including Delaware County) has had a 300 year history of trade with East Asia that
may have included countless opportunities for accidental importation of a soil-associated
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spider among potted plants. Indeed, Nentwig [73] suggests that spiders introduced with potted
plants have higher establishment rates relative to those introduced by other means. In the
1700s and 1800s Philadelphia was the center of American botany and horticulture and many
plants from around the world, including Asia, were actively collected, imported and traded for
exhibition and cultivation in public and private gardens [74,75]. Many of the region’s great
gardens and arboreta of that era still exist to some extent [76], including Tyler Arboretum (vis-
ited in this study) and Bartram’s Garden in west Philadelphia, the home of noted American
botanists John Bartram and his son William [77,78]. William Bartram’s contemporary in the
late 1700s, William Hamilton, built his estate “The Woodlands” overlooking Philadelphia’s
Schuylkill River and his gardens and greenhouse boasted of having every rare plant he'd ever
heard of from around the world [79,80]. In 1784, after the American Revolution, direct ship-
ping trade began between Philadelphia and China and at its peak represented about a third of
all US trade with China [81]. A very significant Asian botanical importation event occurred
later, in 1926, when the Japanese government presented 1,600 flowering trees to the City of
Philadelphia to celebrate the 150" anniversary of American independence [82]. Regarding
introductions of other soil-associated invertebrates, Asian jumping worms (Amynthas and
Metaphire spp.) were presumably brought to the US in the 1800s in the soil of potted plants,
and recent studies have shown that they displace native worms and are changing the soil
where they occur [83], Coincidentally, nonnative jumping worms are present at many A,
karschi sites in Pennsylvania [Tessler, personal observations].

Conclusion

Many spider species have been accidentally introduced by humans to a new continent and
became established [73], nearly all from the phylogenetically recent infraorder Araneomor-
phae. Within the more basal mygalomorphs, the Mexican redrump tarantula (Theraphosi-
dae) native to Mexico and Central America has become established in Florida USA [84].
Presumably escaped from the pet trade, these tarantulas dig burrows and appear to be
restricted to a small area with climate and habitat features similar to its native range. In this
study we show that Atypus snetsingeri in Pennsylvania is genetically conspecific with Atypus
karschi native to East Asia. The species appears to have been introduced by humans to
Pennsylvania, probably in association with potted plants, and is now naturalized and locally
common within a limited range that includes urban and forested areas. It is unlikely that
the source or timing of the introduction can be determined in a region renowned for its
colonial-era horticulturalists, elaborate international gardens, and long history of shipping
trade with East Asia. This is the first case of an introduced species of Atypoidea from the
infraorder Mygalomorphae.
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S1 File. Characteristics of the studied sites of A. karschi in Delaware County, Pennsylvania,
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Supporting Information 1. Characteristics of the studied sites of Atypus karschi in
Delaware County, Pennsylvania, USA in November 2013: location, date of visit, site
orientation and slope, soil type and penetrability, and the cover and composition of the
vegetation strata. The abundance of plant species is characterized using standardized
ranks (Braun-Blanquet 1932).

site Swedish Cabin Lansdowne, Naylor Run Park Smedley Park Smedley Park Tyler Arboretum  Tyler Arboretum  Tyler Arboretum
Essex Ave
GPS coordinates 39.93698, - 39.9444, - 39.957009, - 39917311, - 39917311, - 39.929369, - 39.928783, - 39.941767, -
75.30093 75.27606 75.27949 75.359051 75.359051 75.435086 75.434941 75.429050
date 5Nov 2013 5Nov 2013 5Nov 2013 5Nov 2013 5Nov 2013 6 Nov 2013 9 Nov 2013 9 Nov 2013
habitat bottom of the city suburb shallow valley rocky valley rocky valley fallow field field-adjacent beech forest
valley beech forest
orientation 95° none 195° 340° 260-270° 310° - 180°
slope 5° 0° 15° 25° 40° 10° 0° 35°
Soil type Fluvisol Synantropic Sandy Lower layer Lower layer Topsoil Grey Yellow
yellow yellow
Soil penetrability 1-5 0.5-2 0.5-1.75 2-3 2.25-3.25 1.5-2.25 1.25-2
(kg/cm?)
moss cover (%) 0 0 0 0 0 0 0 0
herb cover (%) 20 0 5 10 30 90 0 20
bush cover (%) 80 100 20 40 20 5 30 10
tree cover (%) 50 0 90 60 80 0 60 80
Herb cover
Carex sp. 1 1 1 2 +
Carex sp. 2 +
Hieracium cf. venosum +

Brachypodium sp. 1

Polystichum sp. +

Solidago sp. 1 4

Geum sp. r

Rubus sp. 1 1

Dactylis sp. +

Lonicera sp. 1 2
Cirsium sp. r

Linaria sp. r

Daucus carota r

Medicago sp. r

Allium sp. + +
Hedera sp. 2 3 +

Luzula sp. +

Fragaria sp. r

Alliaria petiolata +

Desmodium sp. 1

Bush cover

Fagus grandifolia 2 2 2 2
Corylus sp. 1

Rosa sp. 2 + + +
Ulmus sp. r

Taxus sp. 5

Viburnum sp. +

Lonicera sp. 2

Ligustrum sp. 2 +

Tree cover
Acer cf. saccharum 2 5 1

Populus cf. 1 1
grandidentata
Fraxinus sp. 1

Quercus rubra 2 1 3

Quercus cf. alba 1 4 1 1
Carpinus caroliniana 1

Liliodendron tulipifera 1 + 1 1
Juglans sp. +

Fagus grandifolia 4 4
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Supporting Information 2. Carapace length (smallest to largest), number of juveniles present
and web length for excavated purse-webs of adult female A#ypus karschi, Pennsylvania, USA,
in November 2013 (n = 18). NA — the web was destroyed while excavating and could not be

measured. * - incomplete count or measurement and not used for statistics.

Carapace No. of juveniles Length of below- Length of above- Total web
length (mm) present ground web (cm) ground web (cm) length (cm)
5.0 123 9 7.5 16.5

5.1 70 NA NA

5.2 0 10 8 18

5.2 106 8 9 17

54 152 8 10.5 18.5

54 129 NA NA

5.5 116 8 9.5 17.5

5.5 0 NA NA

5.6 27%* 8 9 17

5.8 0 9 5 14

5.9 79 10 10 20

5.9 128 8.5 6 14.5

6.0 0 7 6 13

6.0 0 16 13 29

6.1 201 8 7 15

6.2 0 8 13 21

6.2 109 6* 6

6.2 0 NA NA
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The haplogyne araneomorphs include more than 6000 species. They consist of
Synspermiata and a clade formed by the familes Hypochilidae and Filistatidae. These
araneomorphs are remarkable for unusual sex chromosome systems, co-evolution of sex
chromosomes and nucleolar organizer regions, and a specific stage of chromosome
decondensation during prophase of the first meiotic division in males. The diploid number
of Haplogynae varies over a wide range from 5 to 152. While some families possess
monocentric chromosomes, members of the Dysderoidea superfamily have holokinetic
chromosomes. Four sex chromosome systems (SCS) were reported in haplogynes,
namely X0, X;X,Y, XY, and X;X>0.

Karyotype evolution of haplogynes is not satisfactorily understood. To analyse karyotype
evolution of haplogynes on family level, I focused on pholcids, which represent the most
diversified lineage of haplogynes with monocentric chromosome structure. There are
basic chromosome data (2n, chromosome morphology, sex chromosome system)
available on 23 species of pholcids representing nine genera. My extensive study brings
the data on 47 species, which represent a cross-section through all major pholcid clades.
Almost all species were studied for the first time.

My study included species of all pholcid subfamilies: Arteminae, Modisiminae Ninetinae,
Pholcinae, and Smeringopinae. 1 studied six genera of Arteminae: Artema, Chisosa,
Holocneminus, Physocyclus, and Wugigarra. The diploid number ranged from 13 to 33.
Artema showed the higest diploid number (2nd=33), male 2n of the other studied species
was much lower (ranged between 13 and 15). The congeneric species presented the same
SCS: Chisosa, Holocneminus, and Physocyclus X0, Artema X1X2Y, and Wugigarra XY.
Y chromosome was the smallest element of the set. On the other hand, the X

chromosome(s) were usually the biggest chromosomes. Most artemines exhibited one
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NOR, which was placed at the end of an autosome pair. Physocyclus also showed the
NOR at both ends of the X chromosome.

My study include three modisimine genera: Anopsicus, Modisiminus, and Psilochorus. It
is interesting that all the studied species showed the same diplod number and SCS
(2nd=17, X0). The sex chromosome was the longest element of the set. Chromosomes
exhibited biarmed morphology, except for the subtelocentric pair found in P. californiae.
Detection of NORs by FISH has been performed only in two species, P. californiae and
P. pallidulus. NOR was located on one chromosome pair and on both termini of the sex
chromosome.

In the subfamily Ninetinae, I studied the genera Kambiwa and Pholcophora. Most
chromosomes of Kambiwa showed biarmed morphology. This spider exhibited the
complicated SCS, namely the XiX>X3X4Y system, which formed an achiasmatic
multivalent during male meiosis containing two biarmed and two moonoarmed X
chromosomes as well as microchromosome Y. Pholcophora americana exhibited
karyotype 2n3=29, X;X2Y, X chromosomes were the longest chromosomes, while Y the
smallest. Karyotype of Kambiwa included three NOR-bearing chromosome pairs as well
as one X-chromosomelinked NOR. Set of Pholcophora contained two chromosome pairs
with terminal NOR.

Most studied genera were were members of the subfamily Pholcinae. The male diploid
number ranged from 9 to 25. Pholcine karyotypes were predominated by biarmed
chromosomes. Most pholcines had X1X2Y system. The X; chromosome was biarmed in
most cases. In contrast to this, morphology of X, was variable, this element showed
metacentric, submetacentric or acrocentric morphology. Pattern of NORs in Pholcinae
was quite diversified. The number of NORs ranged from one to five, they were located
mostly at the ends of the metacentric chromosomes. Beside autosome NORs, most species
of the subfamily possess sex chromosome linked NORs. Within the subfamily, we found
a diversified clade whose representatives are characterized by X-chromosome linked
NORs, which were found in six analysed genera (4etana, Muruta, Nipisa, Quamtana,
Pholcus, and Belisana). Remarkably, these NORs probably took part in sex chromosome
pairing during male meiosis.

I studied five genera of the superfamily Smeringopinae: Crossopriza, Holocnemus,
Hoplopholcus, Smeringopus, and Stygopholcus. The male diploid number ranged from
23 to 29. Chromosomes were biarmed except for several species which exhibited one

monoarmed pair. In smeringopines, sex chromosome systems X1X20, X1X2X30, and X0
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were found. The number of NORs ranged from one to four. Nucleolus organizer regions
were placed on autosomes except for X-chromosome linked NOR found in H. hispanicus.
Based on the results obtained, I reconstructed chromosome evolution of pholcids. The
male diploid number of pholcids varied from 9 to 33. Diploid numbers have decreased
convergently in multiple clades by chromosome fusions. Chromosome morphology was
mostly biarmed as in the most other haplogynes with monocentric chromosomes
karyotyped so far. The results of our research suggest frequent autosome-autosome and
autosome-sex chromosome rearrangements during pholcid evolution, specifically
inversions, translocations, and chromosome fusions.

Sex chromosome systems of pholcids were diversified. These spiders showed six sex
chromosome systems (X0, XY, XiX20, XiXoX30, XiXoY, XiX2X3X4Y). During
evolution of some pholcine X;X>Y lineages, size of the Y chromosome has increased
considerably. Furthermore, size of X, chromosome decreased in some pholcine clades,
which was accompanied by change of X, morphology to non-metacentric one. Obtained
data also suggest frequent integration of autosome fragments into sex chromosomes.
X1X2Y system have been transformed to the X;X>0 or XY systems and subsequently into
the X0 system in some pholcid clades. The X1X2X30 system arose probably from the
Xi1X20 system by an X chromosome fission. The X;X>X3X4Y system has probably
evolved from the X1X2Y system by integration of a chromosome pair.

Our study provides a first analysis of NOR evolution on family level in spiders. The NOR
pattern was diverse. Number of NORs ranged from one to nine. These structures were
usually located at chromosome ends. In some clades, NORs spreaded to sex chromosomes
(at least five times). The ancestral NORs pattern was probably formed by a single terminal
NOR beared by an autosomal pair.

Similarly to the other haplogynes, male prophase I included a diffuse stage. Autosomes

of most pholcids were remarkable for a very low recombination frequency.

My contribution: Collection of several species, production of chromosome
preparations and detection of NORs by FISH. Evaluation of preparations and analysis of
the cytogenetic data, interpretation of results. Participation in writing the draft of the

manuscript and its subsequent revisions, preparation of the figures and tables.
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Abstract

Background: Despite progress in genomic analysis of spiders, their chromosome evolution is not satisfactorily
understood. Most information on spider chromosomes concerns the most diversified clade, entelegyne araneo-
morphs. Other clades are far less studied. Our study focused on haplogyne araneomorphs, which are remarkable

for their unusual sex chromosome systems and for the co-evolution of sex chromosomes and nucleolus organizer
regions (NORs); some haplogynes exhibit holokinetic chromosomes. To trace the karyotype evolution of haplogynes
on the family level, we analysed the number and morphology of chromosomes, sex chromosomes, NORs, and meiosis
in pholcids, which are among the most diverse haplogyne families. The evolution of spider NORs is largely unknown.
Results: Our study is based on an extensive set of species representing all major pholcid clades. Pholcids exhibit a
low 2n and predominance of biarmed chromosomes, which are typical haplogyne features. Sex chromosomes and
NOR patterns of pholcids are diversified. We revealed six sex chromosome systems in pholcids (X0, XY, X;X;0, X;X,X30,
XiX2Y, and X;X3X3X,Y). The number of NOR loci ranges from one to nine. In some clades, NORs are also found on sex
chromosomes.

Conclusions: The evolution of cytogenetic characters was largely derived from character mapping on a recently
published molecular phylogeny of the family. Based on an extensive set of species and mapping of their characters,
numerous conclusions regarding the karyotype evolution of pholcids and spiders can be drawn. Our results suggest
frequent autosome-autosome and autosome-sex chromosome rearrangements during pholcid evolution. Such
events have previously been attributed to the reproductive isolation of species. The peculiar X;X,Y system is probably
ancestral for haplogynes. Chromosomes of the X;X,Y system differ considerably in their pattern of evolution. In some
pholcid clades, the X;X,Y system has transformed into the X;X;0 or XY systems, and subsequently into the X0 system.
The X;X;X;0 system of Smeringopus pallidus probably arose from the X;X;0 system by an X chromosome fission. The
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XqXzX3X4Y system of Kambiwa probably evolved from the X, X,Y system by integration of a chromosome pair. Nucleo-
lus organizer regions have frequently expanded on sex chromosomes, most probably by ectopic recombination. Our
data suggest the involvement of sex chromosome-linked NORs in achiasmatic pairing.

Keywords: Achiasmatic pairing, Diffuse stage, Entelegyne, Haplogyne, Inactivation, rDNA, Rearrangement,

Segregation, Y chromosome

Background

The structure of chromosomes changes during evolution,
just like any other genomic character. Fine-scale changes
of the genome can be easily determined by techniques
of DNA sequencing and assembling of sequences. How-
ever, long assemblies have gaps containing unknown
sequences, which makes it difficult to perform linkage
mapping of entire chromosomes. An important tool to
complete genome assembly and understand transmission
of specific loci are cytogenetic data [1]. Cytogenetics also
brings other data on the genome and its dynamics, which
are not easy to get by sequencing (e.g. mapping of highly
differentiated sex chromosomes) [2, 3] or cannot be
obtained by this approach (e.g. chromosome behaviour
during nuclear division, or large-scale heterochromatin
pattern).

Cytogenetic information is particularly important in
the analysis of complex genomes, for example in spi-
ders. Genome evolution of spider ancestors included
a polyploid event [4], which might have been the ori-
gin of the unusual and complex spider sex chromosome
determination. The male sex chromosome complement
of most spiders includes several chromosomes that do
not recombine during meiosis and are presumably non-
homologous. Furthermore, it probably also contains a
chromosome pair formed by the chromosomes X and Y,
which recombine and show a very low level of differen-
tiation (further cryptic sex chromosome pair, CSCP) [5].
Some mygalomorph spiders even exhibit two CSCPs [6].
The single CSCP could represent the ancestral sex chro-
mosomes of spiders [7].

Despite recent progress in genomic analysis of spiders
[8], their cytogenetics is not satisfactorily understood.
Most data concern entelegyne arancomorphs. Although
entelegynes exihibit an enormous species diversity (cur-
rently nearly 38,700 described species), their karyo-
types are usually conservative, comprising a low number
(2nd = 10-49) of exclusively monoarmed (i.e. acrocentric
and subtelocentric) chromosomes and containing two
different X chromosomes (4X,;X2/$X,X,X2X2, the so-
called X,X,0 system) [9]. The origin of these sex chromo-
somes is unresolved. The cytogenetics of the other spider
clades (mesotheles, mygalomorphs, haplogyne aranco-
morphs) is far less studied.

Recent phylogenomic analyses of spiders led to con-
siderable changes in the taxonomic composition of
haplogyne arancomorphs. Currently, haplogynes con-
sist of the clade Synspermiata (18 families) and a clade
formed by the families Hypochilidae and Filistatidae [ 10—
12] (Fig. 1). These two clades currently include more than
6000 described species (based on the data of [13]).
Although haplogynes have a much lower species diver-
sity than entelegynes, their karyotypes are very diverse.
The male diploid numbers of haplogynes vary from 5 to
152 [14]. According to chromosome structure, haplogy-
nes show two principal patterns. A synapomorphy of the
superfamily Dysderoidea is the holokinetic structure of
chromosomes. Holokinetic chromosomes do not contain
a localised centromere [14]. Karyotypes of all other stud-
ied clades are composed of standard (i.e. monokinetic)
chromosomes, and are usually predominated by biarmed
(i.e. metacentric and submetacentric) chromosomes [9].
Karyotypes of many haplogynes contain the peculiar
XiXoY system (X, X2Y/P X, X, X2X2), a sex chromosome
constitution that has been found in seven families [9, 14—
17]. Chromosomes of the X,X.Y system usually exhibit
a metacentric morphology. They pair without chiasmata
and recombination (i.e. achiasmatically) during male mei-
osis. The phylogenetic distribution of the X,X>Y system
suggests a considerable antiquity of this sex chromosome
determination [9]. According to a recent hypothesis, this
system could be ancestral for araneomorph spiders [16].
Despite this, the origin and subsequent evolutionary
transformations of the X;X,Y system are not satisfacto-
rily understood. Haplogynes also exhibit other unusual
cytogenetic traits, namely a considerable decondensation
of bivalents during a specific period of male prophase 1
(so-called diffuse stage) [9, 18] and the frequent occur-
rence of nucleolus organizer regions (NORs) on the sex
chromosomes [9]. Nucleolus organizer regions are chro-
mosome regions crucial for the formation of the nucleo-
lus. They contain tandem copies of the genes coding 5.8S,
185, and 28S ribosomal RNA [19].

Although fundamental trends of haplogyne karyotype
evolution have been determined [9], karyotype evolution
within haplogyne families remains unknown. To fill this
gap, we have focused on the cytogenetics of the family
Pholcidae (Fig. 1), which is an ideal model group for such
a study. First, pholcids are the most diversified haplogyne
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Fig. 1 Phylogeny of spiders, with specific consideration on haplogyne spiders. The phylogenetic tree was constructed following [10] except
for Telemidae [11]. Caponioidea: Caponiidae, Trogloraptoridae; Dysderoidea: Dysderidae, Oonopidae, Orsolobidae, Segestriidae; Scytodoidea:
Drymusidae, Ochyroceratidae, Periegopidae, Psilodercidae, Scytodidae, Sicariidae

+proloentelegynes

family with a standard chromosome structure. They cur-
rently include 94 genera and 1812 species [13]. Second,
pholcids are the spider family with the most comprehen-
sive molecular phylogeny available (with 600 species rep-
resenting 86% of the known genera [20, 21]). Third, they
display a worldwide distribution, with the large major-
ity of species in the tropics and subtropics. Numerous
species are synanthropic and have been translocated by
humans around the globe [22, 23].

Information on pholcid cytogenetics is very limited.
There are only basic data available for 23 species rep-
resenting nine genera (see database [24]). Here we pre-
sent chromosome data of 47 species, which represent an
extensive cross-section through all major pholeid clades.
Since previous authors often failed in the proper determi-
nation of pholcid cytogenetic data, we have also revised
previously published results, We further focused on the
evolution of NORs, the evolution of which is largely
unknown in spiders.

Our study represents one of the most comprehensive
cytogenetic datasets of any spider family. Cytogenetic
data of pholcids are diversified and have considerable
potential to be used in the reconstruction of pholcid
phylogeny. Based on our data, numerous conclusions
and hypotheses regarding the karyotype evolution of

pholcids, as well as haplogyne spiders, can be drawn.
Finally, our results suggest promising subjects for future
evolutionary studies on the karyotypes, sex chromo-
somes, and NORs of spiders.

Results

Arteminae

Our study included representatives of the genera Artema,
Chisosa, Holocneminus, Physocyclus, and Wugigarra
(Additional file 1: Table S1, Additional file 2: Table S2).
The diploid number in artemine males ranged from
2n =13 (Chisosa diluta) to 2n=33 (Artema spp.), with
most species having 2n= 15, In all species, the karyo-
types consisted predominantly of biarmed chromosomes
(Additional file 2: Table S2, Fig. 2, Additional file 3: Fig.
S1).

Representatives of Artema differed from the other arte-
mines by a much higher diploid number and a X, X>Y
system. The male karyotype of Artema contained 15
chromosome pairs (this term is used in a specific con-
text in our study, see “Methods™, p. 31) decreasing
gradually in size (Additional file 1: Table S1, Additional
file 2: Table S2, Additional file 4: Fig. S2). Chromosome
morphology was predominantly metacentric. The X,
chromosome was considerably longer than X,. The Y
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Fig. 2 Arteminae, male karyotypes, stained by Giemsa. Based on two sister metaphases Il except for Arfema nephilit (single metaphase Il) and
Holocneminus (spermatogonial metaphase). a Artema nephilit, haploid karyotype. Chromosomes metacentric except for five submetacentric (nos.
2, 8, 10-12), one subtelocentric (no. 13), and one acrocentric element (no. 15). The Y chromosome is from another metaphase Il. Morphalogy of the
Y chromosome is unresolved; b Wugigarra sp. Karyotype metacentric except for one subtelocentric pair (no. 7). Inset: magnified Y chromosome
(from another metaphase Il). Note metacentric morphology of this element; ¢ Chisosa diluta. Chromosomes exclusively metacentric. The positively
heteropycnotic X chromosome is the longest chromosome; d Holocneminus sp. Chromosomes metacentric except for one submetacentric
(no. 4) and one subtelocentric pair (no. 3). Centromeres marked by arrowheads; e Physocyclus dugesi. Chromosomes metacentric except for two
submetacentric (nos 2, 5) and two subtelocentric pairs (nos 6, 7). The positively heteropycnatic X chromosome is the longest chromosome of the
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chromosome was the smallest element of the karyotype
(Additional file 1: Table S1, Additional file 2: Table S2,
Fig. 2a, Additional file 3: Fig. S1).

Karyotypes of the other artemines contained only
six (C. diluta) or seven chromosome pairs (the other
species). Chromosome pairs decreased gradually in
size except for the prominent longest pair of C. diluta
(Additional file 1: Table S1). The karyotype of Wugi-
garra (2nd = 16) was characterized by a XY system
(Fig. 2b, Additional file 4: Fig. S2). The Y chromosome
was the smallest element of the complement, a feature
similar to Artema (Additional file 1: Table S1). The
other taxa exhibited the X0 system (Fig. 2c—e, Addi-
tional file 5: Fig. S3). Their sex chromosome was the
longest element of the karyotype except for Holocne-
minus sp. The size of the X chromosome varied con-
siderably from 11.4% (Holocneminus sp.) to 21.2% of

TCL (C. diluta). The length of the sex chromosome was
determined from mitotic metaphase (Holocneminus) or
metaphase Il (the other X0 species). The small size of
the X chromosome in Holocneminus compared to the
other species could then reflect the fact that this ele-
ment is more condensed in mitotic metaphase than in
metaphase I1.

The nucleolus organizer region was present at an
end of one chromosome pair in all of the studied spe-
cies (Additional file 2: Table S2, Fig. 3, Additional file 6:
Fig. 84), and in Physocyclus also on both termini of
the X chromosome (Fig. 3d). The morphology of the
NOR-bearing pair was metacentric in Holocneminus
(Fig. 3c), metacentric/submetacentric in Physocyclus
(Fig. 3d), submetacentric in Artema (Fig. 3a, Additional
file 6: Fig. S4a, b), and subtelocentric in Wugigarra
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Fig. 3 Arteminae, males, detection of NORs (FISH). Arrowhead = NOR-bearing chromosome (a, ¢, d) or bivalent (b), asterisk = centromere, open
arrowhead = sex chrosomosome-linked NOR, X = X chromosome. a Artema nephilit (X,X;Y), plate formed by fused sister metaphases II. Pair of
chromosomes bears a terminal NOR. Inset: submetacentric NOR-bearing chromosome. NOR is placed at the end of short arm; b, € Holocneminus
sp. (X0). b Metaphase I, one bivalent contains NOR; ¢ Mitotic metaphase. Chromosomes of one metacentric pair have terminal NOR; d Physocyclus
dugesi (X0), two sister plates, late metaphase Il. Chromosomes of one metacentric/submetacentric pair contain a terminal NOR. X chromosome is
more condensed than the other chromosomes, It includes tiny NOR at both ends, Bar = 5 pm, inset 1 pm

(Additional file 6: Fig. S4c). Except for Holocneminus,
the NOR was placed at the end of the short arm.

Modisiminae
We analysed representatives of Anopsicus, Modisi-
mus, and Psilochorus (Additional file 7: Table S3). The
studied modisimines exhibited the same male dip-
loid number (17), sex chromosome system (SCS) (X0),
and a metacentric sex chromosome (Additional file 1:
Table S1, Additional file 7: Table S3, Fig. 4a—c, Addi-
tional file 8: Fig. S5, Additional file 9: Fig. 56). Chro-
mosomes of modisimines

were biarmed except for
one pair of P. californiae (Additional file 1: Table SI,
Additional file 7: Table S3). The sex chromosome was
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the longest chromosome of the karyotype (Additional
file 1: Table S1).

The genus Psilochorus was represented by three spe-
cies. Chromosome pairs of P. californiae decreased
gradually in size. In contrast, the longest pair of P.
pallidulus and the two longest pairs of P. simoni were
prominent. Moreover, in the latter two species the
last pair was much smaller than the penultimate pair
(Additional file 1: Table S1). The karyotype of P. pal-
lidulus was formed exclusively by metacentric chro-
mosomes (Additional file 9: Fig., S6b). The karyotypes
of the other two species were also formed by metacen-
trics except for two submetacentric pairs of P. simoni,
and two submetacentric and one subtelocentric pair
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Fig. 4 Modisiminae (a-c) and Ninetinae (d), male karyotypes, stained by Giemsa. Based on two sister metaphases Il. Karyotypes are predominated
by metacentrics. Single sex chromosome of madisimines is the longest element of the karyotype. a Anopsicus sp., pair nos. 3 and 5 are
submetacentric; b Modisimus cf. elongatus. Three pairs submetacentric (nos 1, 3, 6), X chromosome positively heteropycnotic; ¢ Psilochorus simoni.
Chromosome pairs form three size groups (pairs 1-2, 3-7, 8). Two pairs submetacentric (nos 1, 5). Sex chromosome negatively heteropycnotic; d

Pholcophora americana, pair no. 2 submetacentric. Bar =10 pym

of P. californiae (Fig. 4c, Additional file 9: Fig. S6a).
Nucleolus organizer regions were detected in P. cali-
forniae and P. pallidulus. Their karyotype included a
NOR-bearing metacentric pair. While the NOR of P,
californiae  exhibited a terminal location, placement
of NOR in P. pallidulus was not determined. In both
species, the sex chromosome bore NORs at both ends
(Fig. 5).

Ninetinae

We studied representatives of Kambiwa and Pholcophora
(Additional file 7: Table S3, Additional file 10: Fig. S7).
The chromosomes of K. neotropica were metacentric
except for two monoarmed elements (Additional file 11:
Fig. S8a). Several lines of observations demonstrated a
complicated sex chromosome system in Kambiwa. Sex
chromosomes formed a peculiar cross-shaped element in
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Fig. 5 Modisiminae, males, detection of NORs (FISH). Arrowhead = NOR bearing chromosome (a) or bivalent (b), asterisk = centromere, open

arrowhead = sex chromosome-linked NOR, X=X chromosome. a Psilochorus califomiae (X0), mitotic metaphase. Chromosomes of one metacentric
pair contain a terminal NOR. X chromosome bears NOR at both ends; b P. palliduius (X0), metaphase |. One bivalent includes a tiny NOR. X

chromosome has two terminal NORs. Bar =5 pm

male metaphase [ (Additional file 10: Fig. S7a, b). Com-
parison of data on male 2n (2n = 29, Additional file 11:
Fig. S8a) and male metaphase I (12 bivalents plus cross-
shaped element) (Additional file 10: Fig. S7a, b) suggested
that the cross-shaped element is a multivalent compris-
ing of five chromosomes. Analysis of male metaphases
IT demonstrated the presence of a X, X,X5X4Y system.
There are two types of metaphase II plates, one with 13
chromosomes including the Y microchromosome, and

another one with 16 chromosomes including four het-
erochromatic X (Fig. 6b, Additional file 11: Fig. S8b, c).
Two X chromosomes differed from the remaining two by
a specific condensation at metaphase 11. These chromo-
somes were monoarmed (Figs. 6b). The morphology of
the tiny Y chromosome was unresolved. Chromosomes
of Pholcophora americana (2nd 29, X,X:Y) decreased
gradually in size except for the prominent longest pair
(Additional file 1: Table S1). They were metacentric

Fig. 6 Ninetinae, males, detection of NORs (FISH). Figures contain scheme of sex chromosomes (red = NOR). Arrowhead = chromosome (b),
bivalent (a, c) or multivalent (a) with NOR, M = sex chromosome multivalent, open arrowhead = sex chromosome-linked NOR, X = X chromosome.
a, b Kambiwa neotropica (XiX,X:X:Y) a Metaphase |, three bivalents contain terminal NOR. Moreover, sex chromosome multivalent (delimited by
line) includes a tiny NOR at end of one “arm”. Note scheme for morphology of multivalent. b Metaphase Il (n = 16) containing four X chromosomes.
Two X chromosomes are the most condensed elements of the plate (X). Two other X chromosomes have lower condensation and monoarmed
morphology (X*). Note scheme for morphology of monoarmed X chromosomes. One monoarmed X contains a NOR at short arm. In addition,
three other chromosomes bear a NOR; ¢ Pholcophora americana (X:X2Y), metaphase |. Two large bivalents contain terminal NOR. Note scheme for
probable morphology of sex chromosome multivalent. Arms of each X chromosome are associated with each other. Bar =5 ym
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except for one submetacentric pair (Fig. 4d). The X chro-
mosomes showed a similar length. While they were the
longest elements of the karyotype, the Y chromosome
was the smallest one (Additional file 1: Table S1).

Three chromosome pairs of Kambiwa contained a
terminal NOR (Fig. 6a). Moreover, one monoarmed X
chromosome bore a NOR on its short arm (Fig. 6b). Phol-
cophora exhibited two chromosome pairs bearing termi-
nal NORs (Fig. 6¢).

Pholcinae

We analysed pholcines representing twelve genera
(Additional file 12: Table S4). Male 2n ranged from 9
(Micropholcus fauroti) to 25 (Nipisa deelemanae, three
Pholcus species, Spermophora senoculata) (Additional
file 12: Table S4). Chromosome morphology was deter-
mined in representatives of eight genera (Additional
file 1: Table S1). Chromosome pairs of most pholcines
decreased gradually in size. In several species, however,
the longest pair(s) were prominent (first pair of Belisana
sabah and Pholcus opilionoides; first three pairs of Lep-
topholcus guineensis; first five pairs in Pholcus sp.). In
Aetana kinabalu the last chromosome pair was much
smaller than the penultimate pair (Additional file 1:
Table S1). Chromosome pairs were biarmed, except for
two subtelocentric pairs in Quamtana filmeri, one sub-
telocentric pair in Pholcus kindia, and one acrocentric
pair in A. kinabalu and Pholcus sp. (Additional file 12:
Table S4).

Concerning sex chromosomes, most pholcines showed
the X;X:Y system, which was found in nine genera (Aef-
ana, Leptopholeus, Metagonia, Muruta, Nipisa, Pehrfor-
sskalia, Pholcus, Quamtana, Spermophora) (Additional
file 1: Table S1, Fig. 7a—d, Additional file 13: Fig. S9, Addi-
tional file 14: Fig. S10, Additional file 15: Fig. S11, Addi-
tional file 16: Fig. $12). The X, chromosome was usually
the largest element of the karyotype, the X2 chromosome
a small to medium element, and the Y chromosome usu-
ally a microchromosome or small element (Additional
file 1: Table S1). While the X; and X> chromosomes of
Aetana and Spermophora were medium-sized elements
of similar size, the Y chromosome of these species was a
microchromosome (Additional file 1: Table S1). Although
there are no precise data on the morphology of the sex
chromosomes in Metagonia, they probably also consist
of X chromosomes of similar size and a tiny Y chromo-
some (Additional file 11: Fig. S8f, Additional file 14: Fig.
S10e). Most other pholcines exhibiting the X;X;Y system
showed a X size reduction (up to 2.7% of TCL in Phol-
cus pagbilao) and a considerable increase of the Y chro-
mosome size (up to 11.7% of TCL in P. kindia). In some
Pholcus and Quamtana species, the X; chromosome was
only slightly larger than the Y chromosome (Additional
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file 1: Table S1). In Leptopholcus and two Pholcus spe-
cies (P. kindia, P. pagbilao), the Y chromosome was
even longer than the X, chromosome (Additional file 1:
Table S1, Fig. 7a, b, Additional file 16: Fig. S12b). The
X, chromosome of pholcines was metacentric, except
for Aetana, whose X, chromosome was submetacentric
(Additional file 12: Table 54, Additional file 16: Fig. S12a).
In contrast, the morphology of the X, was variable. It was
metacentric in Aetana, Nipisa, Spermophora, and Afri-
can Pholcus species (Fig. 7b, Additional file 11: Fig. S8i,
Additional file 12: Table S4, Additional file 13: Fig. SOf,
Additional file 16: Fig. S12a), submetacentric in Leptop-
holcus, Muruta, and Pholcus phalangioides (Additional
file 12: Table S4, Fig. 7a, Additional file 15: Fig. S11b),
subtelocentric in Quamtana filmeri and Pholcus sp.
(Fig. 7c, d, Additional file 12: Table S4), and acrocentric
in Quamtana hectori, Pholcus opilionoides and P. paghi-
lao (Additional file 12: Table S4, Additional file 16: Fig.
S12b-d). The Y chromosome exhibited a metacentric
morphology, except for Leptopholcus and P. pagbilao,
whose Y chromosome was submetacentric (Fig. 7a, Addi-
tional file 12: Table 54, Additional file 16: Fig. S12b). The
morphology of the Y chromosome of Aetana, Muruta,
and Nipisa, as well as sex chromosomes of Metagonia
and Pehrforsskalia, were not determined.

Some pholcines displayed the X0 system (Belisana,
Cantikus, and Micropholcus). The X chromosome was
metacentric (Additional file 12: Table S4, Figs. 7e, f, 8a,
b, Additional file 17: Fig. S13). Its size was comparable to
the size of short (Micropholcus) or medium-sized chro-
mosome pairs (Belisana, Cantikus) (Additional file 1:
Table S1).

Nucleolus organizer regions were detected in rep-
resentatives of nine genera, namely Aetana, Belisana,
Cantikus, Micropholcus, Muruta, Nipisa, Pholcus,
Quamtana, and Spermophora (Additional file 12:
Table S4). Pholcines showed a considerable diversity
of NOR patterns. Their karyotypes contained from
one (Cantikus, Micropholcus, Muruta, Q. filmeri)
to five NOR-bearing chromosome pairs (Belisana)
(Figs. 8b, 9, 10, Additional file 18: Fig. S14). In most
species, we also determined the morphology of these
pairs, including the NOR location. Pairs bearing NORs
were biarmed; NORs were placed at chromosome
ends (Additional file 12: Table S4). All pairs included
one NOR locus except for one pair of Nipisa, P. pagbi-
lao, and Spermophora, which had a locus at both ends
(Figs. 9a, 10c, Additional file 18: Fig. S14b). In Sper-
mophora, both loci of this pair were homozygous for
the presence of a NOR (Fig. 9a). In the studied male
of P. pagbilao, one of these loci was heterozygous for
the presence of a NOR (Fig. 10c). Concerning the
studied Nipisa male, comparison of the NOR pattern

68



Avila Herrera et al. BMC Ecol Evo (2021) 21:75 Page 9 of 39

a I AR AL nu sa  uw u:}‘
1 g 3 4 X

5 6 7

BT W ox ot Wi S sl e

1 2 3 4 5 6 7 8
b et =m& - V-ﬂ
[¢] 10 X XY

70 «d 22 N ki ow ac
1 2 3 4 5 6 i

8
c Ww A MA R ¢
9 10 11 X, X ¥
r
e DR WY e & ¥ Q5 se-
1 2 3 4 5 6 7 XX Y

I3 %L KR ot 2 A =2 um

1 2 3 4 5 6 i 8
e AR BEm =N - -
9 10 1 X

t XR X8 Fu L o Y
1 2 3 4 X

Fig. 7 Pholcinae, male karyotypes, Giemsa staining. Based on two sister metaphases Il (a-c, €, f) or metaphase Il (d). a Leptapholcus guineensis.
Chromosome pairs form two size groups, large-sized (nos 1-3) and small-sized (nos 4-7). The X; chromosome replaced by X from another
plate. The X; and Y chromosome as well as three pairs (nos 2, 3, 5) submetacentric. Sex chromesomes positively heteropycnotic; b Pholcus kindia.
Chromosomes biarmed except for one subtelocentric pair (no. 6). Chromosomes X; and Y longest elements of karyotype, chromosomes Xz and Y
positively heteropycnotic; € Pholcus sp. Chromosome pairs form two size groups, large-sized (nos 1-5) and small-sized (nos 6-11). Chromosomes
metacentric except for three submetacentric (nos 7, 9, 11) and one acrocentric pairs (no. 4), and subtelocentric X chromosome. Y chromosome
positively heteropycnotic; d Quamtana filmeri, haploid karyotype. Chromosomes metacentric except for one submetacentric (no. 4) and two
subtelocentric pairs (nos 3, 5), and subtelocentric X; chromosome. Y chromosome replaced by Y from another plate. Sex chromosomes positively
heteropycnotic. Centromeres of sex chromosomes marked by arrowheads; e Belisana sabah. Karyotype metacentric except for one submetacentric
pair (no. 3). First pair considerably longer than the other pairs, which gradually decrease in size. Third and eleventh pairs replaced by corresponding
pairs from another plate. X chromosome pasitively heteropycnotic; f Micropholcus fauroti, chromosomes metacentric. Bar = 10 pm
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Fig. 8 Male karyotype of Cantikus sabah (Pholcinae) (a, b) and Smeringopus pallidus (Smeringopinae) (c). Based on metaphase Il (c) or two sister
metaphases Il (@, b). Arrowhead = NOR. a Diploid karyotype, Giemsa stained. Note metacentric morphology of chromosomes. b Diploid karyotype,
detection of NORs (FISH). Fifth pair bears a terminal NOR (arrowheads). In contrast to most other pholcids, centromeres are formed by a prominent
AT-rich block; c Haploid karyotype, Giemsa stained. Chromosomes metacentric except for three submetacentrics (nos 5, 9, 12). Sex chromosomes
show a slight positive heteropycnosis. Inset: detection of NORs (FISH); chromosomes of two pairs (nos. 1, 12) contain terminal NOR. Bar = 10 ym
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of the chromosome pairs in metaphase I (three NOR
bearing pairs, Additional file 18: Fig. S14c¢) and mitotic
metaphase (five chromosomes with NOR, including
one chromosome with NOR at both ends, Additional
file 18: Fig. S14b) implied that one chromosome pair
NOR at both ends
plus a chromosome with one NOR or without NOR. It

consists of a chromosome with

means that one or even both loci of this pair were het-
erozygous for the presence of a NOR.

Sex chromosome-linked NORs were revealed in Ael-
ana, Muruta, Nipisa, Quamtana, Pholcus phalangioides
(X, X:Y), and Belisana (X0) (Additional file 12: Table S4,
Figs. 9b—f, 10a, b, Additional file 18: Fig. S14b-h). In Aet-
ana, the X, chromosome had a terminal NOR (Fig. 9b).
In Muruta, Nipisa, Quamtana, and P. phalangioides,
NORs were detected at both ends of the X, chromo-
somes (Additional file 12: Table S4, Figs. 9f, 10b, Addi-
tional file 18: Fig. S14b, d, f~h). Furthermore, the X:
chromosome of some pholcines involved NOR(s) too.
While the X; chromosome of Muruta and P. pirm‘migin-
ides exhibited NOR at one end only (Figs. 9f, 10b), the X
chromosome of Nipisa was terminated by NOR at both
ends (Additional file 18: Fig. S14b). In the latter pholcid,
the Y chromosome also had a terminal NOR (Additional
file 18: Fig. S14b). In Belisana, a NOR was detected at
both ends of the X chromosome (Fig. 9¢, d). In species

exhibiting the X, X>Y system, the sex chromosome ends
bearing a NOR took part in sex chromosome pairing
during male meiosis (Figs. 9b, e, 10a, Additional file 18:
Fig. S14c, e).

Smeringopinae

We analysed representatives of Crossopriza, Holocnemus,
Hoplopholcus, Smeringopus, and Stygopholcus (Addi-
tional file 19: Table S5). The male 2n ranged from 23 to
29 (Additional file 19: Table S5, Figs. 8¢, 11, Additional
file 20: Fig. S15, Additional file 21: Fig. S16). Chromo-
some pairs of most smeringopines decreased gradually
in length. In some species the longest pair (Holocnemus,
Smeringopus cylindrogaster) or two longest pairs (Cros-
sopriza Iyoni, Stygopholcus skotophilus) were prominent.
Furthermore, the last pair of S. skotophilus was much
smaller than the penultimate pair. Chromosome pairs
were exclusively biarmed except for Holocnemus hispani-
cus, S. skotophilus, and some Hoplopholcus and Smeringo-
pus species, whose karyotype included one monoarmed
pair (Additional file 1: Table S1).

The male karyotype of Hoplopholcus and Smeringopus
was composed of 28 chromosomes, including the X;X:;0
system (Additional file 19: Table S5, Fig. 11d, f, Additional
file 20: Fig. S15, Additional file 22: Fig. S17a—e), except
for S. pallidus (2nd =29, X,X2X30) (Fig. 8c, Additional
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Fig. 9 Pholcinae, males, NORs (FISH) . Figures b, e contain scheme of sex chromosome trivalent XiX:Y (red circle at ¢ = signal formed by

several NORs). Arrowhead = NOR bearing chromosome (¢, d, f), bivalent (a-c, ) or trivalent (b, e), open arrowhead

sex chromosome-linked

NOR, T = sex chromosome trivalent (a, b, e), X = X chromosome, X; = X; chromosome, X; = X: chromosome, Xs = X chromosomes, ¥ =Y

chromosome, + = signal formed by several NORs. a Spermophora senoculata (XiX:Y), diakinesis, note three NOR-bearing bivalents, sex chromosome
trivalent separated by line (X chromosomes considerably decondensed). Inset: mitotic metaphase, chromosome pair bearing two terminal NOR loci;
b Aetana kinabalu (XiX2Y), metaphase |, the largest bivalent and one medium-sized bivalent bear a terminal NOR. The sex chromosome trivalent
(separated by line) also includes NOR signal. Position of NOR is, however, unclear. Inset: diplotene, sex chromosome trivalent and its scheme, note
NOR at the end of X; chromosome; ¢, d Belisana sabah (X0), c Metaphase |. Five bivalents contain NOR, sex chromosome with NOR at both ends.

d Incomplete mitotic metaphase (21 chromosomes), NORs terminal, X chromosome with NOR at both ends; e, f Pholcus phalangioides (X:XzY).

e Metaphase |, three bivalents contain NOR. The sex chromosome trivalent contains the signal in region of chromosome pairing (see scheme). f
Mitotic metaphase, NORs terminal. Xi chromosome bears NOR at both ends. Number of the other NOR-bearing chromosomes (seven) suggests

that the X chromosome contains a NOR too. Inset: another mitatic metaphase, Y chromosome considerably condensed, without NOR. Bar = 5 pm;

insets 1 pm

file 22: Fig. S17f) and S. cylindrogaster (2n 3 = 26, X;X10)
(Fig. 1le). The mclnueﬁlric X, chromosome was the
largest element of the karyotype, except for three Sme-
ringopus species. The X, chromosome was usually a
medium-sized element (Additional file 1: Table S1).
It had a variable morphology, being metacentric in S.
ndumo, S. pallidus and S. similis, submetacentric in S.
atomarius, subtelocentric in Hoplopholcus and S. peregri-
nus, and acrocentric in S. cylindrogaster and Smeringopus
sp. (Additional file 1: Table S1). The metacentric X5 chro-
mosome of S. pallidus was the smallest chromosome of
the karyotype (Additonal file 1: Table S1).
Representatives of the genera Crossopriza, Holocne-
mus, and Stygopholcus exhibited the X0 system, includ-
ing a metacentric X chromosome (Additional file 19:

Table S5, Fig. 1la—c, g, Additional file 19: Fig. S16, Addi-
tional file 23: Fig. S18), which was the largest element of
the set except for Crossopriza sp. and Holocnemus cauda-
tus (Additional file 1: Table S1)

Smeringopines exhibited a considerable diversity of
the NOR number (Additional file 19: Table S5). Their
karyotypes contained one (H. hispanicus, Hoplopholcus
species, S. skotophilus) (Fig. 12a, c, d, i), two (Holocne-
mus pluchei, S. atomarius, S. pallidus) (Figs. 8c, 12b, e,
f) or four (Snn’a’iugopus sp.) (Fig. 12g, h) chromosome
pairs bearing a NOR. In most species, the morphology of
these pairs and the NOR location was also determined.
Chromosome pairs bearing NORs were biarmed; NORs
were terminal (Additional file 19: Table 85). Smeringopus
sp. exhibited an odd number of chromosomes bearing a
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Fig. 10 Pholcinae, males, NORs (FISH) II. Figures a, € contain scheme of sex chromosome trivalent X:X:Y (red circle = signal formed by several
NORs). Arrowhead = NOR bearing chromosome (b), bivalent (a, €) or trivalent (@), open arrowhead = sex chromosome-linked NOR, T = sex
chromosome trivalent X; = X; chromosome, Xz = X; chromosome, Y =Y chromosome, + = signal formed by several NORs. a, b Muruta tambunan
(X1X2Y). @ Metaphase |, note a bivalent bearing a terminal NOR and sex chromosome trivalent with signal in region of chromosome pairing (see
scheme). b Mitotic metaphase, the large X: chromosome bears two terminal NORs, the X chromosome contains one terminal NOR. Chromosomes
of a chromosome pair exhibit another terminal NOR; ¢ Pholcus pagbilao (X:X:Y), metaphase |. Plate contains four NOR bearing bivalents and
sex chromosome trivalent without signal (see scheme). Inset: metaphase II, NOR bearing pair, upper chromosome contains two terminal loci.

Bar = 5 pm; inset 1 pm

NOR, which indicates heterozygosity of one pair for the
presence of a NOR (Fig. 12h). The karyotype of H. his-
panicus (X0) also contained a sex chromosome-linked
NOR, which was placed at the end of the X chromosome
(Fig. 12a).

Chromosome behaviour in the male germline
Males exhibited standard meiosis except for prophase
I. Following pachytene, bivalents appeared globular and
almost decondensed (so-called diffuse stage). In contrast,
the sex chromosomes formed a highly spiralised and
positively heteropycnotic body (i.e. stained more inten-
sively than the other chromosomes) (Fig. 13a). In some
pholcids, bivalents became considerably condensed dur-
ing the late diffuse stage, whereas they retained a globular
shape (e.g., Smeringopus). Despite condensation of biva-
lents, chiasmata were not discernible or only partially
expressed (Fig. 13b). Following the diffuse stage, bivalents
of some species uncoiled and exhibited a morphology
typical for late prophase I (i.e., diplotene and diakinesis).
Alternatively, the standard morphology of the bivalents
emerged gradually during their condensation (Additional
file 11: Fig. S8g). In some species, diplotene was reduced
or even missing. In that case, bivalents showed a diaki-
netic morphology after the diffuse stage (Figs. 13c, 14b,
c). In some pholcids, the bivalents (Metagonia, Addi-
tional file 11: Fig. S8e, f) or their middle part (Artema
nephilit, Fig. 13¢) retained a low condensation during late
prophase I.

Male meiosis of most pholcids was remarkable for a

very low chiasma frequency. The absolute majority of

bivalents contained only a single chiasma (Additional
file 2: Table S2, Additional file 7: Table S3, Additional
file 12: Table S4, Additional file 19: Table S5, Fig. 14b—i,
Additional file 11: Fig. S8d—f, h). An increased frequency
of chiasmata (chiasma frequency = 1.1 per bivalent) was
found only in artemines with a low diploid number, in
Modisimus cf. chmgnms (Modisiminae), Pholcus sp.,
and Quamtana filmeri (Pholcinae) (Additional file 2:
Table S2, Additional file 7: Table S3, Additional file 12:
Table S4, Fig. 13d—f). In Physocyclus dugesi (Arteminae)
and M. cf. elongatus (Modisiminae), we also found rare
bivalents containing three chiasmata (Fig. 13d). In some
species, centromeric regions formed a knob or flexure
on the bivalents during late prophase 1, which allowed us
to determine the relative position of the chiasmata and
centromere (Fig. 13d, e). Chiasmata of most analysed
pholcids were predominantly distal and intercalar. In
Modisimus and Physocyclus, pericentric chiasmata were
frequent or even predominant (Fig. 13d, e). A large biva-
lent displayed positive heteropycnosis in late prophase 1
of Pehrforsskalia and Pholcophora (Fig. 14b, Additional
file 11: Fig. S8g).

The sex chromosomes exhibited a specific behaviour
in the male germline, which was often already initiated
in the spermatogonia. During spermatogonial mitosis,
the sex chromosomes differed often by condensation and
pycnosis from the other chromosomes. In some specie:
they were more condensed and positively heteropycnotic.
This behaviour was frequent in modisimines and phol-
cines (Additional file 24: Fig. S19a, b). In some Pholcus
species, the Y chromosome exhibited a more intensive

S,
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Fig. 11 Smeringopinae, male karyotypes, stained by Giemsa. Based on two sister metaphases Il. Chromosomes are mostly metacentric. Sex

chromosomes of some species are positively heteropycnotic during metaphase Il (b, c, f, g). Chromosome X (or Xi) is the longest element of the

karyotype except for a and e. a Crossopriza sp., four pairs sub entric (nos 1, 3, 8, 10); b Holocnemus hispanicus, three submetacentric (nos 2-4)

and one subtelocentric pairs (no. 11); ¢ H. pluchei, four pairs submetacentric (nos 2, 5, 8, 9); d Hoplopholcus cecconii, chr metacentric

except for one submetacentric pair (no. 6) and subtelocentric X;; @ Smeringopus cylindrogaster, one submetacentric pair (no. 5), one acrocentric pair

(no. 12}, and acrocentric Xz; £ S. similis, two pairs submetacentric (nos 3, 13) and one pair subtelocentric (no. 12); g Stygophoicus skotophilus, three
L submetacentric (nos 2, 3, 7) and one subtelocentric pair (no. 11). Last pair replaced by corresponding pair from another plate. Bar = 10 ym

heteropycnosis than the X chromosomes. This Y chro- delayed in comparison with the other chromosomes dur-

mosome pattern continued frequently at premeiotic  ing spermatogonial metaphase (Additional file 24: Fig.
interphase and meiosis (Fig. l14c-e, Additional file 11:  S19c).

Fig. S8i, Additional file 24: Fig. S19f, Additional file 25: The sex chromosomes of some pholcids exhibited a
Fig. 820a). In Artema, X chromosome condensation was  specific location in the mitotic plate. In species with the
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Fig. 12 Smeringopinae, males, detection of NORs (FISH). Amowhead = NOR-bearing chromosome (a, c, d, h) or bivalent (a, b, e-g, i), open
arrowhead = sex chromosome-linked NOR, X = X chromosome, Xs = X chromasomes. a Holocnemus hispanicus (X0), metaphase |, the largest
bivalent and one end of the X chromosome bear a terminal NOR (see scheme of X chromosome, red = NOR); b H. pluchei (X0), metaphase |
(separated by a line from a diffuse stage), two bivalents containing a terminal chiasma have a NOR in chiasma region; ¢ Hoplopholcus forskali (X:Xa0),
plate formed by two fused sister prometaphases Il. Sex chromosomes form a cluster having a very low condensation. Chromosomes of one pair
bear NOR. Inset: NOR-bearing chromosome from another metaphase Il. This chromosome exhibits metacentric morphology and terminal location
of NOR; d H. labyrinthi (X:X.0), mitotic metaphase. Chromosomes of one pair bear terminal NOR; @ Smeringopus atomarius (X:X:0), metaphase |,
note two bivalents with NOR; f S. pallidus (X:X2X:0), two bivalents with NOR. Note scheme of sex chromosome association; g, h Smeringopus sp.
(X1X20), g metaphase |, four bivalents include NOR. h Mitotic metaphase, seven chromosomes show a terminal NOR; i Stygopholcus skotophilus (X0),
metaphase |, one large bivalent bears a terminal NOR. Bar =5 pm, inset 1 pm

X1X:Y system, they were often associated in the mid-  (Additional file 24: Fig. S19b). Sex chromosomes were
dle of the metaphase plate (Artema, Nipisa, Leptophol-  usually not discernible at spermatogonial mitoses of
cus, Pholcus). While chromosomes X, and X: were often  pholcids with the X,X,0 system, due to the absence of
aligned in parallel (Additional file 24: Fig. S19b, c), chro- heteropycnosis. In some species, however, it was possible
mosome Y was sometimes released from the association  to detect the prominent X, chromosome. It was usually
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Fig. 13 Meiosis of pholcid males, diffuse stage and pattern of chiasmata. P = pericentric chiasma, T = sex chromosome trivalent, X = X
chromosome, Il = bivalent with two chiasmata, Ill = bivalent with three chiasmata. a Artema nephilit (XiX:Y), early diffuse stage. Bivalents
considerably decondensed, sex chromosomes form positively heteropycnotic body; b Metagonia sp. (X:XzY), late diffuse stage, bivalents condensed
but without well differentiated chiasmata. Sex chromosomes form a highly condensed body; ¢ Artema nephilit (XiX2Y), diakinesis. Bivalents retain
low condensation, except for terminal regions; d Physocyclus dugesi (X0), diplotene. Some bivalents have a pericentric chiasma. Centromere regions
are dark, more condensed; e Modisimus cf. elongatus (X0), diplotene. Sex chromosome is positively heterapycnotic. Most bivalents have pericentric
chiasma. Centromeric regions are dark, more condensed; f Chisosa diluta (X0), metaphase . Most bivalents have two chiasmata. Bar = 10 pm
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(See figure on next page.)

Fig. 14 Meiosis of pholcid males, sex chromosome pairing. Figures b-e contain scheme of sex chromosome trivalent X:X:Y. H = positively
heteropycnotic bivalent, X = X chromosome, X; = X, chromosome, X; = X, chromosome, Y =Y chromosome. a, b Pholcophara americana (X;X;Y).

X chromosomes associated by ends of both arms with tiny Y chromosome. a Premeiotic interphase. b Diakinesis. Note positive heteropycnosis

of a large bivalent; ¢ Pholcus kindia (X1X:Y), diakinesis. Sex chromosomes pair by ends of both arms. Condensation of the X chromosomes is
much lower than that of the Y chromosome; d, e P. opilionoides (XiX:Y), late prophase |, ¥ chromasome shows a considerable condensation. d

Early diplotene. Both ends of X chromosomes involved in pairing. e Late diplotene. Both ends of X, and Y chromosome take part in pairing. By
contrast, only long arm of the X2 chromosome is involved in pairing (c—centromeric knob of X2 chromosome); f Hoplophoicus forskali (X:X:0),
metaphase |, X chromosomes pair by ends of both arms in the middle of the plate; g Cantikus sabah (X0), diplotene. Note parallel association of the
X chromosome arms; h, i Kambiwa neotropica (XiX:XaX4Y), metaphase | formed by 12 bivalents and a sex chromosome multivalent (in the middle of
the plate). h positively heteropycnotic, cross-shaped sex chromosome multivalent is composed of two thick (1) and two thin “arms” (2). i Multivalent
disintegrated into two rod-shaped structures (r). Each of them consists of one thick and one thin "arm" (see scheme). Bar = 10 ym

placed in the middle of the plate (Additional file 24: Fig.
$19d). We did not find any preferential location of the sex
chromosome in spermatogonia of pholcids with the X0
system.

Meiotic pairing of sex chromosomes was already estab-
lished in the premeiotic interphase. It was initiated by a
parallel attachment of the X chromosomes (Additional
file 24: Fig. S19e). Following completion of the pairing,
sex chromosomes formed a body on the periphery of
the nucleus. They retained their peripheral position dur-
ing early prophase 1 (leptotene—pachytene) and the dif-
fuse stage. In species with the X;X,Y and X0 systems,
this position was often retained during late prophase
I (Figs. 13c—f, 14b, Additional file 11: Fig. S8d-h, Addi-
tional file 25: Fig. 820a). In contrast, in species with mul-
tiple X systems, as well as in Kambiwa (complex SCS),
the sex chromosomes were preferentially located in the
middle of the plate in late prophase and metaphase I
(Fig. 14f, h, i).

Chromosomes of the X;X:Y, XY, and multiple X sys-
tems paired without chiasmata in male meiosis. Biarmed
sex chromosomes paired by the ends of both arms
(Fig. l4c, f, Additional file 11: Fig. S8d, Additional file 15:
Fig. S11e, Additional file 22: Fig. S17a, Additional file 26:
Fig. S2la); the arms of each chromosome were often
associated (Figs. 6c, 12f, 13c, 14b, Additional file 11:
Fig. S8d). This pattern was also exhibited by the tiny Y
chromosome of Aetana and Spermophora (Additional
file 11: Fig. S8d). It was impossible to determine the pair-
ing mode of the Y chromosome in other pholcids with a
tiny size of this element. In some smeringopines with the
XiX:0 system and subtelocentric X: chromosome, only
the long arm of this element was involved in pairing in
some plates during late prophase and metaphase I. Simi-
larly, in some pholcines with a X;X;Y system and non-
metacentric X» (Quamtana, Pholcus phalangioides), only
the long arm of the X, took part in pairing during this
period (Additional file 15: Fig. Sllc, g). In these species,
all plates exhibited the same pattern of sex chromosome
pairing. In P. opilionoides, pairing of the short arm of the

X> chromosome was completed during early diplotene.
Only the long arm of this chromosome was involved in
pairing during late diplotene (Fig. 14d, e). In species with
the X0 system, the arms of the X chromosome were usu-
ally associated with each other during late prophase and
metaphase I (Figs. 5b, 12a, b, 13e, 14g, Additional file 5:
Fig. S3c, e, Additional file 17: S13c, Additional file 23:
Fig. 18a, c, e).

Our data suggest a complex sex chromosome pair-
ing in Kambiwa (X,X2X3X4Y). During late prophase and
metaphase I, sex chromosomes formed a cross-shaped
multivalent consisting of four "arms" (Fig. 14h, Addi-
tional file 10: Fig. S7b). Two "arms" were thick and two
were thin, which was most obvious in diakinesis (Addi-
tional file 10: Fig. S7a). The tiny Y chromosome was not
discernible. It was only detected at spermatogonial mito-
sis and metaphase II (Additional file 11: Fig. S8a, ¢). In
some plates, the multivalent disintegrated into two parts
associated with each other. Each part was formed by one
thick and one thin “arm" connected at one end (Fig. 14i).

Segregation of the sex chromosomes was usually
delayed in anaphase I (Additional file 25: Fig. S20b). In
some species, the sex chromosomes lagged even during
telophase 1. In species with two or three X chromosomes,
the X chromosomes were arranged in parallel on the
periphery of the plate during anaphase I. In contrast to
the other chromosomes, chromatids of each X chromo-
some were associated during this period. Moreover, the
arms of each X chromosome were also aligned (Addi-
tional file 25: Fig. S20b). The single X chromosome of the
X0 system exhibited the same pattern of chromatid and
arm association. The association of chromatids and arms
of particular X chromosomes was completed during
prophase or metaphase Il (Additional file 25: Fig. S20d).
Association of the X chromosomes continued until the
end of meiosis (Additional file 15: Fig. S11d, Additional
file 22: Fig. S17b). The sex chromosome of Cantikus (X0)
was remarkable for a precocious centromere division at
metaphase Il (Additional file 25: Fig. S20f). In contrast,
the X chromosomes of Aetana (X;X:Y) exhibited slightly
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delayed centromeric division during this period (Addi-
tional file 25: Fig. S20g). In anaphase II, the segregation
of the X chromosome(s) was slightly delayed in some
pholcids, namely in Physocyclus (Arteminae), Psilochorus
(Modisiminae), Holocnemus, and Hoplopholcus (Smerin-
gopinae) (Additional file 25: Fig. S20i). Remarkably, the Y
chromosome was placed preferentially in the middle of
the plate from anaphase I until the end of meiosis in both
X,X:Y and XY systems (Additional file 25: Fig. S20h,
Additional file 26: Fig. S21b).

The sex chromosomes of each species showed a spe-
cific pattern of condensation and pycnosis during male
meiosis. They became condensed and positively heterop-
yenotic during the premeiotic interphase (Fig. 14a, Addi-
tional file 24: Fig, S19e, f ), forming a sex chromosome
body (SCB). Sex chromosome condensation decreased
considerably during the onset of prophase 1, which was
frequently accompanied by the disintegration of the SCB
and loss of positive heteropycnosis. The following period
of increase of condensation and pycnosis of the sex chro-
mosomes culminated during the pachytene and diffuse
stage, which was often accompanied by restoration of
the SCB (Fig. 13a, b). Condensation of the sex chromo-
somes was often considerably reduced during the tran-
sition from the diffuse stage to late prophase I, which
was accompanied by disintegration of the SCB. In some
taxa, recondensation of the X chromosomes was delayed
during late prophase I in comparison to the bivalents
and Y chromosome. This was the case in Pholcophora
(Ninetinae), Leptopholcus, Metagonia, Spermophora,
and Pholcus (except for P. opilionoides and P. phalangio-
ides) (Pholcinae) (X,X:Y), where the X chromosomes
continued low condensation until diakinesis (Figs. 9a,
l4c, Additional file 11: Fig. S8e, f, Additional file 25: Fig.
S20a). On the other hand, the sex chromosome(s) of
some pholcids (e.g. Holocneminus, Cantikus, Pehrfor-
sskalia) displayed no or only a slight transient decrease of
condensation during the transition from diffuse stage to
diplotene (Fig. 14g, Additional file 11: Fig. S8g, Additional
file 25: Fig. S20c). The sex chromosomes of Cantikus
formed a highly condensed SCB until early metaphase 1.

The sex chromosomes were considerably condensed
and positively heteropycnotic during interkinesis (i.e.
interphase between the first and second meiotic divi-
sion). In Holocneminus, this pattern persisted until pro-
metaphase Il (Additional file 25: Fig. S20e). In most other
species, the sex chromosome condensation decreased
considerably during the onset of prophase II. This event
was often accompanied by the loss of positive hetero-
pycnosis. The sex chromosomes of some species (e.g.
Hoplopholcus forskali) were almost decondensed during
prophase II. They recondensed suddenly during late pro-
phase or prometaphase II (Additional file 25: Fig. S20d).
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The sex chromosomes of some pholcids also showed pos-
itive heteropycnosis during metaphase and anaphase 11
(e.g. Additional file 25: Fig. S20h, i).

Besides the germline cells, pholcid testes also fre-
quently contained endopolyploid nuclei, whose size
exceeded that of the diploid nuclei considerably. In some
species, the sex chromosomes were positively heterop-
yenotic and formed a cluster in these nuclei (Additional
file 27: Fig. §22).

Discussion
Diploid numbers and morphology of chromosome pairs
Evolution of chromosome numbers
Male diploid numbers of pholcids range from 9 (three
Micropholcus species) [25, this study] to 33 (Arfema spp.)
[this study]. The diploid number of the Micropholcus spe-
cies is the lowest one found in araneomorph spiders with
monocentric chromosomes so far [25]. Particular pholcid
subfamilies differ by their range of numbers of chromo-
somal pairs (NCPs). Reported data suggest a low diversity
of NCPs in modisimines (7-8 pairs) [25-27, this study],
ninetines (1213 pairs) [this study], and smeringopines
(1113 pairs) [9, 28-32, this study]. The other two sub-
families show a much higher range of NCPs: artemines
from 6 to 15 pairs [30, 32, 33, this study] and pholcines
from 4 to 11 pairs [25, this study]. A high range of NCPs
in artemines could reflect the possible non-monophyly
of this group (see Fig. 15). In pholcines, there are also
reports on 12 chromosome pairs in two species, but
these data are dubious. The number of chromosome pairs
in the species analysed by Sharma and Parida [34] can
not be verified from the published information. In the
species studied by Wang et al. [35], the presented data do
not allow to determine unequivocally the NCPs and SCS.
Remarkably, the karyotype of an early-diverging phol-
cid, Artema (2nd = 33, X;X,Y, chromosomes biarmed)
is very similar to karyotypes of the haplogynes Filistata
insidiatrix (Filistatidae; 2nd = 33, X,XoY) [9], Paculla
sp. (Pacullidae; 2nd = 33, X,XaY) [14], and Hypochilus
pococki (Hypochilidae; 2nd = 29, X;X>Y) [9]. Whereas
Artema, Filistata, and Paculla exhibit the same diploid
number and biarmed morphology of chromosome pairs,
the karyotype of Hypochilus is slightly different, showing
lower NCPs and a higher ratio of monoarmed chromo-
some pairs. The karyotype of Hypochilus can be derived
from the pattern found in Artema, Filistata, and Pac-
ulla by two chromosome fusions and several pericentric
inversions. This pattern of karyotypes suggests that the
ancestral pholcid karyotype was close to those found in
Artema, Filistata and Paculla (2n = 33, X, X>Y, chromo-
somes biarmed).
Recent studies on spider phylogenomics suggest
two primary lineages of haplogynes, one consisting of
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Fig. 15 Arteminae, Modisiminae, and Ninetinae: karyotype
characters mapped on a cladogram. Based on the most recent
molecular phylogeny of Pholcidae [20, 21]. Standard continuous lines:
low bootstrapping branch support, i.e. <70%; thick continuous lines:
modest to full support of hypotheses, = 70% [21]; discontinuous lines:
taxa not included in molecular phylogeny—phylogenetic position
is based on cytogenetic data (dashed lines) or unresolved (dotted
lines). Number above mark: number of character; number below
mark: character state. Full marks: characters without homoplasy;
empty marks: homoplasic characters. In some species, data on some
characters are missing (information in square brackets). Selected
events are marked E and numbered (see Additional file 1: Table 51
for chromosomes formed by these events). Chromosomes formed
by the other events are identifiable unequivocally in Additional file 1:
Table 51. Concerning chromosome pairs, only well-defined events
changing chromosome morphology substantially are considered.
Reconstruction of karyotype evolution is based on our data, except
for taxa marked by the formula RX (see reference X for information).
See “Methods” (pp. 32-33) for coding of characters

Carapoia lutea R24

Carapoia sp. R23

filistatids and hypochilids, and another one comprising
synspermiate haplogynes, including pholcids and pac-
ullids [10, 36, 37] (Fig. 1). Considering the placement of
Artema, Filistata, Paculla, and Hypochilus in this phy-
logeny, the karyotype structure found in the three first
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genera (2nd = 33, X,X:Y, biarmed chromosomes) could
be also the ancestral haplogyne karyotype. However, this
conclusion conflicts with the hypothesis supposing that
the ancestral karyotype of haplogynes was very close to
that of entelegynes (20 chromosome pairs + X;X;0) [9].
This hypothesis is supported by the occurrence of very
similar karyotypes in the haplogyne family Drymusidae

(17 biarmed pairs + X, X,Y) and the family Austrochilidae
(18 biarmed pairs + XY) [9], which is an early-diverging
lineage of a clade formed by protoentelegynes and entel-

egynes [37]. The observed karyotype pattern of austro-
chilids and drymusids could reflect an early separation of
drymusids within haplogynes, specifically before deriva-
tion of the clade including filistatids, hypochilids, pacul-
lids, and pholcids. To determine the correct phylogenetic
position of drymusids, more detailed phylogenomic anal-
ysis of early-diverging arancomorph clades is needed.

A fundamental trend of spider karyotype evolution is
the reduction of chromosome numbers, which took place
independently in many clades [38]. Our analysis suggests
the same pattern in pholcids. Available data indicate the
reduction to 13 chromosome pairs in the last common
ancestor of smeringopines and pholcines, and separately
in ancestral ninetines, or alternatively in the last com-
mon ancestor of ninetines, smeringopines and pholcines
(see “Phylogenetic implications”, p. 29). Furthermore, a
comparison of cytogenetic and molecular data suggests
a further reduction to 11 pairs in ancestral pholcines,
to 8 pairs in the common ancestor of modisimines, and
to 7 pairs in the common ancestor of the artemine gen-
era Holocneminus, Physocyclus, and Wugigarra (Fig. 15).
The longest one or two chromosome pairs of pholcids
are often prominent, which could reflect the forma-
tion of these pairs by fusion. In Leptopholcus (2nd =17,
XiX>Y), the first three pairs are considerably longer than
the remaining ones. This set could be derived by three
fusions from a karyotype containing ten chromosome
pairs. Reductions of chromosome numbers also took
place during the evolution of pholcid genera. However,
the frequency of these events on genus level is low (Addi-
tional file 1: Table S1).

Variation of NCPs has also been suggested on intraspe-
cific level in pholcids, namely in Crossopriza lyoni [30].
This widespread synanthropic species has been karyo-
typed by several authors. Recent studies consistently
report 11 biarmed chromosome pairs in this species;
analysed populations came from Brazil, India, and Viet-
nam [30, 32-34, 39, this study]. This number of pairs
is probably an ancestral feature of the clade formed
by Crossopriza, Holocnemus caudatus, H. hispanicus,
and Stygopholcus (Fig. 16). In contrast, initial cytoge-
netic studies on C. lyoni suggested a higher NCPs in
Indian populations, namely 12 [29] or 13 [28]. While
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Fig. 16 Smeringopinae: karyotype characters mapped on a cladogram. Based on the most recent molecular phylogeny of Pholcidae [20, 21].
Standard continuous lines: low bootstrapping branch support, i.e. < 70%; thick continuous lines: modest to full support of hypotheses, = 70% [21];
discontinuous lines: taxa not included in molecular phylogeny—phylogenetic position is based on other sources [81] and/or on cytogenetic data
(dashed lines) or unresolved (dotted lines). Number above mark: number of character; number below mark: character state. Full marks: characters
without homoplasy; empty marks: homoplasic characters. In some species, data on some characters are missing (information in square brackets).
Selected events are marked E and numbered (see Additional file 1: Table 51 for chromosomes formed by these events). Chromosomes formed by
the other events are identifiable unequivocally in Additional file 1: Table $1. Concerning chromosome pairs, only well-defined events changing
chromosome morphology substantially are considered. Reconstruction of karyotype evolution is based on our data, except for taxa marked by the
formula (RX) (some information taken from reference X). See “Methods” (pp. 32-33) for coding of characters

the first study does not contain information on chro-  subsequent inversions of four newly formed pairs. How-
mosome morphology, the karyotype with 13 pairs was  ever, our results indicate a very low frequency of chro-
exclusively biarmed. This pattern could be derived from  mosome fissions during pholeid evolution and a low
a set with 11 biarmed pairs by fissions of two pairs and intraspecific variability of pholcid karyotypes. Therefore,
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differentiation of the karyotype of C. lyoni by multiple
fissions is very unlikely. Diversity of NCPs in C. lyoni
is most probably an artifact, possibly caused by species
misidentifications. Reported data on NCPs also differ in
Micropholcus fauroti. While Araujo et al. [26] reported
eight metacentric pairs in a Brazilian population, we
found only four metacentric pairs in another Brazilian
population and African populations (Cape Verde, South
Africa). Notably, we frequently found in our preparations
of Micropholcus clusters formed by the fusion of chro-
mosome plates. This artefact, along with the low num-
ber of observed plates, could have led Araujo et al. [26]
to report double NCPs in this species. Four chromosome
pairs were also reported in other karyotyped Microphol-
cus species [25].

Evolution of chromosome pairs

Similarly to the majority of other haplogynes with mono-
centric chromosomes [9], karyotypes of most pholcids
are predominated by metacentric chromosomes. A dif-
ferent pattern has been reported only in two Physocyclus
species [30, this study] and Pholcus manueli [35]. The
karyotype of the latter species is suggested to be com-
posed exclusively of monoarmed chromosomes. How-
ever, this idea is based only on the pattern of constitutive
heterochromatin, i.e. a marker that could also be local-
ised in regions other than the centromere. Therefore, this
hypothesis should be tested by determination of the cen-
tromere position during mitotic metaphase or metaphase
1. During metaphase I1, chromatids of spider chromo-
somes are separated, except for the centromere.

At first glance, chromosome pairs of pholcids seem
to be conservative elements, due to their predomi-
nantly metacentric morphology. However, comparison
of closely related species revealed a dynamic nature of
these pairs. Closely related taxa having the same num-
ber of pairs often differ by the morphology of one or sev-
eral pairs, whose metacentric morphology is changed to
submetacentric or even monoarmed (Additional file 1:
Table S1). This pattern suggests the operation of pericen-
tric inversions or some translocation variants. In some
cases, the size of the pair is retained even after the change
of its morphology to non-metacentric (e.g., acrocentric
pair of Artema nephilit), which points to the operation of
pericentric inversions. An enormous increase of the first
pair (Crossopriza lyoni, Holocnemus caudatus) or consid-
erable reduction of the last pair (some Psilochorus spe-
cies, Stygopholcus, Wugigarra [this study], Mesabolivar
spinulosus [25]), which are not accompanied by changes
of NCPs, probably reflect an origin of these pairs by non-
reciprocal or unequal reciprocal translocations. In the
last three taxa, the last pair exhibits a subtelocentric mor-
phology, which probably reflects translocation of most of
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an arm of an original biarmed pair to another chromo-
some. In Aetana, a considerable reduction of the last pair
is accompanied by a change in morphology to acrocen-
tric. This pattern could reflect centric fission of a biarmed
chromosome pair, followed by integration of one product
into another chromosome.

Diploid numbers of pholcids could be decreased by
centric fusions of monoarmed pairs. Beside this, the
number of pairs could be reduced by nested fusions. In
contrast to centric fusions, this process involves biarmed
chromosomes.

In conclusion, our data suggest the frequent involve-
ment of fusions, inversions, and translocations of chro-
mosome pairs in the karyotype evolution of pholcids.
These kinds of rearrangements can be very effective in
the formation of interspecific reproductive barriers [40,
41], and may thus have played a role in speciation pro-
cesses in pholcids.

Sex chromosomes

X1XaY system

Ancestral composition and origin of the XiXaY sys-
tem Pholcids exhibit a considerable diversity of sex
chromosomes. We found six SCS in these spiders, namely
X0, X;X20, X, XoX50, XY, XiXaY, and XiXoXaX4Y. The
X1 XY system has been reported in seven haplogyne fam-
ilies, namely Sicariidae [9, 42, 43], Filistatidae [9, 14-16],
Drymusidae, Hypochilidae, Pholcidae [9], Pacullidae [14],
and Plectreuridae [15]. Specific morphology and the mei-
otic pairing of chromosomes X, X5, and Y suggest that
the X;X:Y system arose once in haplogynes [9]. Together
with molecular and paleontological data, this points to
an ancient origin of the haplogyne X;X,Y system. Plec-
treurids have been found in Jurassic strata [44]. A recent
molecular phylogeny suggests the origin of spiders pos-
sessing an X;X.Y system during the early Mesozoic [37].
The phylogenetic distribution of the X, X>Y system using
recent phylogenomic trees [10, 36, 37] suggests that this
sex chromosome determination is ancestral for haplogy-
nes, including pholcids. It could have arisen even earlier,
namely before the separation of entelegyne and haplogyne
spiders [16] or before the separation of mygalomorphs
and araneomorphs in ancient opisthothele spiders. If so,
the supposed ancestral sex chromosome system X;X.0
of mygalomorphs [6] and entelegynes [9] arose from
the X, X>Y system by the loss of the Y chromosome. The
ancestral X;X2Y system probably consisted of two large
metacentric X chromosomes of similar size and a meta-
centric Y microchromosome [9]. Species with this pat-
tern have been found in almost all X;X;Y families [9, 16,
18, this study]. The X, X:Y system was supposed to arise
by rearrangements between autosomes and sex chromo-
somes [43]. In this case, it would be an ancient neo-sex
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chromosome system. According to our hypothesis, chro-
mosomes X, Xz, and Y are derived from CSCP. It was
suggested that multiple X chromosomes of spiders arose
by nondisjunctions of the X chromosome of the CSCP
[7]. The Y chromosome could originate in a similar way,
namely by a nondisjunction of the Y chromosome of the
CSCP and subsequent degeneration of the newly formed
element. Nondisjunctions could be a major mechanism of
formation of multiple X chromosomes in spiders [7, 18,
45]. This unusual origin of sex chromosomes is supported
by the inactivation of multiple X chromosomes during
meiosis of spider females. This unique behaviour probably
evolved to avoid the negative effects of duplicated X chro-
mosomes on female meiosis [5, 7].

According to our data, chromosomes of the X;X;Y
system are dynamic elements. Although they exhibit a
conservative pairing during male meiosis, they under-
went frequent rearrangements during pholcid evolution.
Remarkably, chromosomes X,, X,, and Y differ by their
pattern of morphological evolution and evolutionary
plasticity. See Additional file 28: Appendix S1 for evolu-
tion of particular sex chromosomes of the X, X,Y system.

Conversion of the X1X,Y system into other sex chromo-
some systems In some haplogynes, including pholcids,
the X;X,Y system has been transformed into other SCS
[9, 15, this study]. According to [9], the X;X,Y system
underwent conversion to the X0 system, namely by X
chromosome fusion (formation of the XY system) and
subsequent loss of the Y chromosome. Our results sug-
gest that patterns of conversion of the X,X>Y to the X0
system are more diversified. In some pholcids, loss of the
Y chromosome preceded fusion of the X chromosomes,
which resulted in the formation of the X,X>0 and, subse-
quently, of the X0 system. We suppose that this scenario
could be more frequent during the evolution of the haplo-
gyne X, X>Y system, due to specific features of its Y chro-
mosome, which could facilitate degeneration and extinc-
tion of this element (tiny size, absence of recombinations
between the X and Y chromosome).

XY system

In Wugigarra the X,XoY system was transformed into
the XY system by X chromosome fusion [this study]. The
XY system of another haplogyne, Diguetia (Diguetidae),
is suggested to arise by the same process [9]. The sex
chromosomes of Wugigarra and Diguetia retained their
metacentric morphology, except for the acrocentric X
chromosome of D. canities, which probably originated
from metacentric X by pericentric inversion [9]. The Y
chromosomes of these haplogynes are small elements.
While sex chromosomes of Wugigarra retain their achi-
asmatic pairing by both ends, only one X chromosome
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end is involved in achiasmatic pairing in Diguetia [9].
Notably, the XY system has also been suggested in other
pholcids, namely Smeringopus ndumo (reported as 5. pal-
lidus) [9] and Holocnemus pluchei [31]. Our data showed
that these reports are erroneous, based on revision of
original preparations (S. ndumo) and laboratory stock
studied by previous authors (H. pluchei). An XY system
was also discovered in several other spiders [6, 9, 46, 47].
Its origin is, however, different. It is suggested to have
arisen from the X0 determination by a fusion of the X
chromosome and an autosome(s), resulting in the forma-
tion of neo-X and neo-Y chromosomes. Another possible
origin of the system might be by a fusion of the X chro-
mosome and X chromosome of the CSCP.

Multiple X chromosome systems

X1Xa0 system Although the X,X:0 system is the most
frequent sex chromosome determination in entelegyne
arancomorphs [18, 45], it is rare in haplogyne araneo-
morphs [9, 15, this study]. Provided that the X;X,Y sys-
tem is ancestral for arancomorphs [16], the X, X0 system
has originated in the same way in both entelegynes and
haplogynes, namely from the X;X;Y system by the loss
of the Y chromosome. The X,XoY system of the pholcids
Aetana and Artema, including a minute Y chromosome
[this study], could represent an evolutionary transition
between the X, X>Y and X,X:0 systems. In haplogynes,
the X;X,0 system has originated several times, namely in
filistatids [15], plectreurids [9], and pholcids [this study].

In pholcids, we found the X,X:0 system in two smerin-
gopine genera, Hoplopholcus and Smeringopus. Mapping
of the distribution of the X;X,0 system in smeringopines
suggests an origin of this system in their ancestor.
Remarkably, we never found the X,X;0 system in phol-
cids in which it was reported previously (see database
of Araujo et al. [24]). Instead, these species exhibit the
XiX>Y system, which had probably been mistaken for
the X;X>0 system, due to the small size of the Y chromo-
some. The X, XoY system was revealed in pholcids less
than two decades ago [9].

Remarkably, the X, and X chromosomes of the X;X,0
system show a similar evolution to the X chromosomes
of the X, XY system in pholcids (see Additional file 28:
Appendix S1 for evolution of chromosomes of the X, X;Y
system). While the X, is a conservative element retain-
ing large size and metacentric morphology, X: under-
went reduction and frequent changes of morphology. The
size of the X, chromosome is more variable (7.9-15.1%
of TCL) than that of the X, element (5.1-7.4% of TCL),
which could reflect insertions of fragments derived from
CPs into the X, chromosome. In each species, the X>
chromosome is reduced in comparison with the X, chro-
mosome (including representatives with an ancestral
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state, i.e. metacentric morphology of the X, chromo-
some). Therefore, the X; chromosome was probably
already reduced in an ancestor of smeringopines (hav-
ing a X, X,0 or X;X,Y system). The original metacentric
X, chromosome has been transformed several times to
a monoarmed one, namely in the ancestor of Hoplophol-
cus and in several Smeringopus species. The morphology
of the X, chromosome has most probably changed by a
pericentric inversion or translocation.

X1X,X30 system A sex chromosome system comprising
three X chromosomes is relatively frequent in entelegyne

[48] and mygalomorph spiders [6]. Among haplogynes,
Smeringopus pallidus is the first reported species with this
sex chromosome determination [this study]. It was obvi-
ously derived from the X;X;0 system found in the other
Smeringopus species. However, the origin of the third X
chromosome of S. pallidus is unresolved. The behaviour of
the three X chromosomes of this species during male meio-
sis (pairing, pattern of condensation and heteropycnosis)
is the same as in X,X,0 species, which contradicts the pos-

sible origin of the extra X chromosome from autosomes.
Another possibility is nondisjunction of an X chromosome,
which is supposed to be a mechanism of X;X,X30 formation
in entelegynes [7, 45, 49]. This hypothesis is supported by
the same meiotic behaviour of sex chromosomes in X;X50
and X, X>X;0 species. The sex chromosomes of S. pallidus
(two large metacentric X chromosomes of similar size + one
small metacentric X chromosome) can be derived from the
ancestral pattern of the X,X,0 system in Smeringopus (two

metacentric X chromosomes, X considerably smaller than
X1) by nondisjunction of the X; chromosome. Formation
of an additional large X chromosome would substantially
increase the sum of the relative lengths of the X chromo-
somes. However, the values do not differ substantially

between S. pallidus (16.9% of TCL) and the karyotypically
most similar S. ndumo (18% of TCL), and fall within the
range of values found in other Smeringopus species (14.2—
19.8% of TCL). Therefore, the Xs chromosome of S. pallidus

more likely arose by a fission of the ancestral metacentric X,
chromosome into two acrocentric chromosomes, followed
by their pericentric inversion. This hypothesis is supported

(1) by a reduction of the X, chromosome of S. pallidus in
comparison with other Smeringopus species, and (2) by
the sum of X, and X sizes in S. pallidus, which is similar
to the X size in the karyotypically most similar S. ndumo.
To resolve the origin of the X, X,X;0 system in S. pallidus,
sequencing of its X chromosomes needs to be carried out.

X0 system

Phylogenetic distribution and origins of the pholcid X0 sys-
tem The X0 system is common in pholeids. It has been
reported in some artemines, pholcines, smeringopines,

Page 23 of 39

and all modisimines karyotyped so far [24, this study].
Character mapping suggests at least five origins of the X0
system in pholcids, namely in the (1) artemines with low
diploid numbers (see "Phylogenetic implications", p. 29),
(2) ancestor of modisimines (Additional file 29: Fig. S23),
(3) common ancestor of smeringopines Holocnemus, Cros-
sopriza, and Stygopholcus (Additional file 30: Fig. S24), (4)
pholcine Belisana, and (5) common ancestor of the phol-
cines Cantikus and Micropholcus (Additional file 31: Fig.
S25). The X0 system was also reported in Pholcus manueli
[35]. However, chromosome plates obtained in P. manueli
(male mitoses) do not allow us to determine the SCS of
this species unequivocally. Similar to P. phalangioides
(XiX2Y) [9]. the karyotype of P. manueli is composed of
25 chromosomes and contains an odd peculiar chromo-

some formed exclusively by constitutive heterochromatin
[35]. The odd heterochromatic element of P. phalangio-
ides is a Y chromosome [9]. Therefore, P. manueli exhibits
with all probability the X, X>Y system.

The X0 system is common in spiders. Phylogenetic dis-
tribution of the X0 system in spiders suggests multiple
origins of this system [6, 18, 45]. X0 systems of entele-
gynes and mygalomorphs arose by chromosome fusions
from multiple X chromosome systems [6, 18, 45]. In hap-
logynes, the X0 system has been found in nine families
(see database [24]). The X0 system of haplogynes with
monocentric chromosomes arose from XY or X, X30
systems. The X0 system of smeringopine pholcids arose
from the X,X;0 system by X chromosome fusion [this
study]. In contrast, the X0 system of a clade formed by
Chisosa, Holocneminus, Physocyclus, and Wugigarra
probably arose from the XY system (Additional file 29:
Fig. $23). Formation of the X0 system in the other phol-
cids is unresolved. Our discovery of both X0 [this study]
and ancestral X,X;Y systems [J. Kral and O. Kosuli¢,
unpublished] in the same genus, the pholcine Belisana,
indicate a relatively fast formation of the X0 system dur-
ing the evolution of this clade. An increase in the size
of the Y chromosome during the evolution of pholcines
(see Additional file 28: Appendix S1 for evolution of the
Y chromosome) did not prevent this element from being
subjected to reduction and loss in the common ancestor
of Cantikus and Micropholcus (X0).

Evolution of the X0 system in pholcids Despite its
multiple origins, the single X chromosome of pholcids
exhibits an extremely conservative morphology. Except
for Modisimus it is always mediocentric (Additional
file 1: Table S1), which indicates a strong selection pres-
sure to keep this feature. We suppose that this morphol-
ogy could be essential to ensure the self-association and
regular segregation of the X chromosome univalent
during male meiosis. In mice, the meiotic stability of the

83



Avila Herrera et al. BMC Ecol Evo (2021) 21:75

sex chromosome univalents is promoted by their self-
association [50].

In contrast to morphology, the size of the X chromo-
some varies considerably, namely from 8.89 (Belisana
sabah) to 21.21% of TCL (Chisesa diluta) (Additional
file I: Table S1). A considerable diversity of X chromo-
some sizes occurs even on a genus level (Crossopriza,
Holocnemus, Psilochorus). The increase in size of the X
chromosome could be a consequence of an integration of
material from CPs, as suggested, for example, by the large
difference of X chromosome size between two Holocne-
mus species (H. caudatus and H. hispanicus).

X1XoX3XsY system

Comparison of data on the male karyotype and meio-
sis suggests that the X, X,X3X4Y system occurs in Kam-
biwa. This pholcid exhibits one chromosome pair less
than the other studied ninetine, Pholcophora, which dis-
plays a X, X>Y system [this study]. This pattern indicates
the origin of the X;XoX:X4Y system by rearrangements
between chromosomes of the X, X,Y system and a chro-
mosome pair. The Y microchromosome was not involved

in the rearrangements. Sex chromosome systems arising
by rearrangements between chromosome pair(s) and sex
chromosomes have also been reported in some other ara-
neomorphs [7, 9, 47, 51-53] and in some mygalomorphs
[6, 46]. These events are always apomorphies of low-level
taxa (species or species groups), which indicates their rel-
atively recent origin.

Sex chromosomes and pholcid speciation

In summary, our data suggest frequent and diverse
structural changes of sex chromosomes during pholcid
evolution. These events include inversions and translo-
cations of sex chromosomes, integration of fragments or
even whole chromosomes into the SCS, and loss of the
Y chromosome. Since structural changes of sex chromo-
somes are often very potent in formation of interspecific
reproduction barriers [54-57], they have probably been
involved in the speciation process in pholcids. In keeping
with this view, closely related pholcids often differ in sex
chromosome morphology [this study].

Particular sex chromosomes of pholcid males do not
recombine, which suggests a high degree of differentia-
tion of these chromosomes. This degree of sex chromo-
some differentiation is associated with markedly stronger
reproductive isolation [58]. Although sex chromosome
rearrangements could be less detrimental in meiosis of
spider males due to achiasmatic sex chromosome pair-
ing, in female heterozygotes they can lead to a collapse of
homologous sex chromosome pairing.
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Nucleolus organizer regions

NOR bearing pairs

The pattern of NORs has only been determined in a low
number of spiders so far. Usually, these structures were
detected by silver staining, a technique that visualizes
NORs that were active in the preceding interphase only
[59]. Therefore, it is impossible to reconstruct the evo-
lution of NORs in particular families or even higher
taxa of spiders. Karyotypes of most spiders contain,
however, a low number of these structures. The com-
mon ancestral pattern of opisthothele spiders com-
prised probably one or two chromosome pairs bearing
a terminal NOR locus [6].

In our study, we analysed the evolution of spider
NORs on a family level for the first time. Nucleolus
organizer regions have been visualized only in three
pholcids so far, in each case by silver staining [30, 32].
To reconstruct NOR evolution in pholcids, we analysed
30 pholcid species, including one species studied ear-
lier by silver staining. To detect NORs, we used fluo-
rescence in situ hybridization (FISH), which visualizes
inactive NORs as well. According to our results, phol-
cids exhibit a considerable diversity of NOR numbers
(from one to nine loci); congeneric species often differ
in the number of NOR loci. Almost all detected NOR
loci are homozygous for the presence of NOR, which
suggests a high stability in the number of NOR loci
at species level. Findings of loci heterozygous for the
presence of NOR are rare in pholcids (Nipisa, Phol-
cus pagbilao, Smeringopus sp.) [this study]. In the case
of Artema aflanta, intraspecific variability of NORs
is doubtful. While the studied karyotype from South
Africa contained one NOR locus [this study], two NOR
loci were reported in an Indian population probed by
silver staining [32]. Considering the low quality of the
signals detected, the information of the latter authors
should be verified by FISH.

Character mapping suggests that ancestral pholcids
had a single biarmed CP bearing a terminal NOR (Addi-
tional file 29: Fig. S23). Whereas the number of NORs
underwent multiple changes during pholcid evolution,
the pattern of their location has remained conserva-
tive. Each NOR-bearing chromosome pair of pholcids
includes a single NOR, except for exceptional pairs hav-
ing NORs at both ends. These pairs were only found in
some pholeines [this study]. NORs of pholcids are ter-
minal, except for a pericentric NOR of Physocyclus glo-
bosus [30], which might originate from a paracentric
inversion. The terminal location of pholcid NORs sug-
gests that these structures have mostly spread by ectopic
recombination. This mechanism could be promoted by
hybridization of individuals belonging to populations dif-
fering in the number of NOR loci, which is indicated by
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the finding of heterozygotes for the presence of NOR in
Nipisa, P. pagbilao, and, Smeringopus sp.

Our data indicate an increase in the number of NOR
bearing CPs in some pholcid clades. In the ances-
tor of ninetines and the common ancestor of smerin-
gopines and pholcines (Additional file 29: Fig. 823,
Additional file 30: Fig. S24) or common ancestor of
ninetines, smeringopines, and pholcines (see "Phyloge-
netic implications", p. 29), the number of NOR-bearing
pairs increased to two. During subsequent evolution,
NORs spread to three chromosome pairs in Kambiwa
(Ninetinae) and in the ancestor of pholcines. Karyo-
types of Smeringopus sp. and some pholcines contain
four NOR-bearing pairs. In Belisana, there are even five
pairs bearing NORs. On the other hand, character map-
ping suggests that the number of NOR-bearing pairs
decreased several times in smeringopines (Stygophol-
cus, Holocnemus hispanicus, Hoplopholcus) and phol-
cines (Aetana, Muruta, Quamtana, common ancestor
of Cantikus and Micropholcus) (Additional file 30: Fig.
S24, Additional file 31: Fig. S25). Remarkably, these
clades often exhibit reduced NCPs in comparison with
their relatives; NORs retain a terminal position.

Sex chromosome-linked NORs 1In contrast to other
opisthothele spiders, haplogynes often exhibit sex chro-
mosome-linked NORs [9]. These NORs are also common
in pholcids. They have been found in all pholcid sub-
families [30, this study]. Sex chromosome-linked NORs
of pholcids and other haplogynes are always restricted to
the X chromosome(s) [9, 30, this study] except for Nipisa
[this study]. Character mapping suggests at least five ori-
gins of these NORs in pholcids, namely in (1) Physocyclus

(Arteminae, X0), (2) Kambiwa (Ninetinae, X;X:X:X4Y),
(3) Psilochorus (Modisiminae, X0) (Additional file 29:
Fig. 823), (4) the common ancestor of Crossopriza lyoni
and Holocnemus hispanicus (Smeringopinae, X0) (Addi-
tional file 30: Fig. S24), and (5) during early evolution of
pholcines (X,X:Y) (Additional file 31: Fig. $25). In modi-
simines, NOR data are available for Psilochorus only.
Therefore, their sex chromosome-linked NORs could
have arisen earlier than during the evolution of this genus.
Sex-chromosome linked NORs of pholcids always have a
terminal location, which suggests an origin of these struc-

tures by ectopic recombination.

Most pholcids with the X0 system and sex-chromo-
some-linked NORs display two terminal NORs (e.g.,
Physocyclus, Psilochorus) [this study]. The second
NOR was probably formed by ectopic recombination
between the arms of the X chromosome, which was
facilitated by their meiotic association. Although the
Physocyclus species analysed in our paper exhibit two
sex chromosome-linked NORs, a study on P. globosus
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did not reveal these structures [30]. Since these authors
used silver staining and gonial mitoses to detect NORs,
it is possible that sex-chromosome linked NORs of this
species are inactivated in the germline cells. Alterna-
tively, P. globosus may belong to a Physocyclus lineage
that lacks sex chromosome-linked NORs.

We revealed the most complex evolution of sex
chromosome-linked NORs in the X;X;Y system of
pholcines. According to our data, sex chromosome-
linked NORs already appeared during the early evolu-
tion of pholcines, no later than before the separation
of the clade containing Aetana. Paleontological [60]
and molecular data [61] indicate relative antiquity
of the pholcine lineage with sex chromosome-linked
NORs (further SCL-NOR clade). According to the lat-
ter dataset, this clade evolved at the latest during the
Jurassic. The ancestral pattern of sex chromosome-
linked NORs was probably formed by a single termi-
nal locus on the X; chromosome, which is retained in
Aetana. In another early-diverging pholcine, Belisana,
the X;X:;Y system has been transformed to X0. Dur-
ing this transformation, the terminally positioned sex
chromomosome-linked NOR originating from the X,
chromosome was probably retained. The second NOR
of Belisana was probably formed by ectopic recombina-
tion between the arms of the single X chromosome.

The subsequent evolution of NORs in the pholcine
X1 XoY system probably involved gradual spreading of
the NORs by ectopic recombination to the other X, end,
and after that to one or both ends of the X> chromosome.
Remarkably, the X chromosome ends are attached in
male meiosis to ensure sex chromosome pairing, which
could promote spreading of NORs among sex chro-
mosomes by ectopic recombination. We suppose that
spreading of NORs by ectopic recombination could also
be facilitated by the association of X chromosome biva-
lents during female meiosis of spiders [5]. Besides phol-
cines, multiple SCS containing NORs have been found
only in the ninetine Kambiwa. In contrast to pholcines,
the end of the X chromosome containing NOR is not
involved in chromosome pairing in this spider (see “Sex
chromosome behaviour™, p. 26).

As demonstrated in some animals, sex chromosome-
linked NORs can ensure achiasmatic pairing of sex chro-
mosomes [62, 63]. The specific terminal location of sex
chromosome-linked NORs in pholcines suggests involve-
ment of these structures in achiasmatic pairing as well.
Pairing ensured by NORs could be more stable, which
may have promoted an increase in Y chromosome size
during the evolution of pholcines. We suppose that the
terminal NOR(s) of pholcids with the X0 system have a
similar function as in the X, XY system, i.e. they could
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strengthen the association of the X chromosome arms
during male meiosis.

Remarkably, our data suggest the loss or degenera-
tion of sex chromosome-linked NORs in some pholcids,
especially in the SCL-NOR clade. The most obvious cases
are Pholcus pagbilao and the clade formed by Cantikus
and Micropholcus. In contrast to Pholcus phalangioides,
we did not detect the target 18S rDNA motif on the
sex chromosomes of P. pagbilao. This sequence could
be degenerated or lost during the evolution of NORs
involved in pairing. A similar pattern was found in some
Drosophila species, in which most tDNA of sex chro-
mosome-linked NOR is lost, except for motifs involved
in pairing [64]. Loss/degeneration of sex chromosome-
linked NORs in the common ancestor of the pholcines
Cantikus and Micropholcus was accompanied by a con-
siderable decrease of NCPs and formation of the X0 sys-
tem in this lineage.

Some authors propose that sex chromosome-linked
NORs could be a synapomorphy of some haplogyne
clades [9, 30]. Our data support another scenario, namely
multiple invasions of NORs on sex chromosomes of hap-
logynes by ectopic recombinations. Although ectopic
recombination is probably also a frequent mechanism of’
NOR dispersion in entelegynes [65], these spiders exhibit
a much lower frequency of sex chromosome-linked
NORs than haplogynes [5]. It was suggested that the dis-
persion of NORs on spider sex chromosomes by ectopic
recombination is reduced by sex chromosome inactiva-
tion in meiosis of both spider sexes [65]. Since sex chro-
mosomes of haplogynes show a similar pattern of meiotic
condensation and heterochromatinisation as entelegy-
nes [9, this study], it would be interesting to determine
the mechanisms facilitating the transmission of NORs
on haplogyne sex chromosomes. It could be the lower
degree of X chromosome condensation during some
periods of male prophase I [this study]. In keeping with
this hypothesis, NORs have almost never been detected
on the Y chromosome of the haplogyne X,X.Y system [9,
this study], which could be a consequence of its consid-
erable condensation in the germline. Another possibility
of frequent spreading of NORs on sex chromosomes of
haplogynes could be the presence of NOR on their CSCP.
Chromosomes of the CSCP are associated with the other
sex chromosomes during male meiosis [7], which could
facilitate spreading of NORs on these sex chromosomes.

Chromosome behaviour in the male germline

Modifications of meiotic division

The prophase of the first meiotic division is modified in
pholcid males. Following pachytene, nuclei enter the
so-called diffuse stage. The male diffuse stage was also
found in other haplogynes, in the protoentelegyne family
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Leptonetidae [9], and in some clades of early-diverging
mygalomorphs [6] and entelegynes [66]. The diffuse stage
evolved in other animal groups as well. In some pholcids,
the diplotene is reduced: recondensed bivalents exhibit a
diakinetic morphology after the diffuse stage [this study].
This pattern has also been found in some other haplogy-
nes [9, 67].

Pholcid karyotypes are predominated by biarmed
chromosomes, which generally form more chiasmata
than monoarmed ones [68]. In spite of this, most phol-
cids show a very low chiasma frequency in male meiosis
(Additional file 2: Table S2, Additional file 7: Table S3,
Additional file 12: Table S4, Additional file 19: Table S5).
This pattern is probably an ancestral pholcid feature. The
frequency of chiasmata is increased particularly in some
pholcids with a low diploid number, namely some arte-
mines, modisimines, and pholcines [25, 26, this study].
Since a reduction of diploid number is accompanied by
decrease of total chiasma number per karyotype, increase
of chiasma frequency per bivalent could be a compensa-
tory mechanism to avoid reduction of genetic variability
in these species. Pholcids usually exhibit a predomination
of intercalar and distal chiasmata. A different pattern has
been found in Modisimus and Physocyclus, which show
a relatively high proportion of pericentric chiasmata.
Relocation of chiasmata in these spiders could be a con-
sequence of inversions, which can change the position of
chiasmata [69].

Polyploid cells

Germline cells of spider males form spermiocysts, whose
cells are connected by cytoplasmic bridges and syn-
chronized during their development [70]. As a result,
plates belonging to the same mitotic or meiotic phase
are frequently fused on chromosome preparations [26,
30]. Besides these artefacts resembling polyploid plates,
preparations of pholcid testes contained many large
endopolyploid nuclei, which could belong to a specific
cell lineage. Occurrence of these nuclei in testes reflects
a high metabolic activity of testicular tissues. Overcon-
densation of sex chromosomes in endopolyploid nuclei
of some pholcids could reflect transcriptional repression
of these chromosomes. Endopolyploid nuclei were also
reported in the testes of some other opisthothele spiders
[5, 6, 71]. In pholcids, they have only been reported in the
silk and venom glands so far [72].

Sex chromosome behaviour

Spider sex chromosomes are distinguished by a specific
behaviour in the male germline [5, 6, 18, 38, 45, 73],
which is sometimes already initiated at spermatogo-
nial mitosis [5]. In some pholcids, the sex chromosomes
exhibit a specific condensation during this division.
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Chromosomes of the X, X,Y system are usually associ-
ated in spermatogonia, whereas X chromosomes are
often arranged in parallel [this study]. Moreover, sex
chromosomes of this system are preferentially located in
the middle of spermatogonial metaphases [9, this study].
Concerning the other pholcid sex chromosome systems,
we were not able to determine the relative position of
their chromosomes in spermatogonia. Notably, multiple
X chromosomes of some entelegynes also show specific
condensation, and similar arrangement and location at
spermatogonia, as found in the X, X,Y system [5].

Despite the considerable diversity of SCS in pholcids,
pairing of their sex chromosomes during male meiosis
is conservative. Similar to other spiders [5], it is already
established during premeiotic interphase [9, this study].
Pairing of chromosomes of the X;X,Y system is initi-
ated by the parallel attachment of X chromosomes [this
study]. The mode of chromosome pairing within the
pholecid X X>Y system is the same as in other haplogy-
nes [9]. Biarmed chromosomes of this system pair with-
out chiasmata, namely by the ends of both arms [9, this
study]. This sex chromosome attachment is probably an
ancestral mode of achiasmatic sex chromosome pairing
in spiders [5]. It is retained in achiasmatic XY and mul-
tiple X chromosome systems of pholcids [this study].
Remarkably, pairing of the monoarmed X, chromosome
is modified in some pholcids. In Artema (X,X:Y) and
smeringopines (X;X:0), the monoarmed X, shows stand-
ard pairing. However, attachment of the short arm is less
stable in the latter group during late prophase and meta-
phase 1. In some pholcines with monoarmed X, only the
long arm of the X takes part in pairing during this period
[9, this study]. In contrast, there are pholcines with mon-
oarmed X, both ends of which participate in pairing.
This pattern indicates that restriction of pairing to the
long arm of X does not depend only on the morphology
of this chromosome. Concerning the X0 system, arms of
the sex chromosome are associated together in pholcids
during late prophase and metaphase I [this study]. This
pattern is also common in other spiders exhibiting the X0
system and biarmed sex chromosome [5, 9].

Our data suggest a possible pattern of sex chromo-
some pairing in the X, XoX3X4Y system of Kambiwa. As
indicated above, two of its X chromosomes are prob-
ably biarmed and two other X are monoarmed. X chro-
mosomes of Kambiwa probably pair by the ends of their
arms during male meiosis. According to our model
(Fig. 17), both arms of the biarmed X chromosomes
are involved in pairing. One monoarmed X chromo-
some bears a NOR at the end, which is not involved in
pairing. Since this NOR is placed in the short arm, only
the long arm of this chromosome is involved in pair-
ing. We hypothesize the same mode of pairing for the
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X,
Fig. 17 Kambiwa neotropica (X,X;X;X,Y), male meiosis, hypothesis
on sex chromosome pairing. Pairing between X; and X, as well as X;
and X4 is more stable than the other attachments. Location of the Y
microchromosome is unresolved. It is probably placed in the middle
of the sex chromosome multivalent. This assumption is based on
the pattern of meiotic pairing between the X chromosomes and Y
microchromosome(s) in achiasmatic sex chromosome systems of
haplogynes with more than two X chromosomes. Red = biarmed
X chromosomes, black knob = centromere, biue =Y chromosome,
orange = monoarmed X chromosomes. On the right—photograph of
the sex chromosome multivalent

second monoarmed X chromosome. Our data indicate
that the sex chromosome multivalent of Kambiwa con-
tains two X chromosome pairs; each of them consists of
one biarmed and one monoarmed chromosome. Pair-
ing between these pairs is less stable than within them.
We assume a similar location of the Y chromosome as
in the achiasmatic sex chromosome systems of other
haplogynes with more than two X [14], namely in the
middle of the multivalent.

Meiotic segregation of the sex chromosomes is modi-
fied in pholcid males. Regardless of the type of SCS, it is
usually delayed in anaphase 1. The sex chromosome(s)
of some pholcids show precocious or delayed division
during metaphase II. In some pholcids, X chromosome
segregation is also delayed during the second meiotic
division [this study].

As in other spiders, the sex chromosomes of pholc-
ids are usually placed at the periphery of the plate dur-
ing premeiotic interphase, prophase and metaphase I.
Notably, our data suggest relocation of sex chromo-
somes to the middle of the plate during late prophase
I in pholcids with multiple X systems. The same behav-
iour of X chromosomes has evolved in males of avicu-
larioid mygalomorphs [6]. Tts function is unclear. After
segregation during anaphase I, X chromosomes of
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pholcids retain their association until the end of meio-
sis, whereas the Y chromosome tends to be placed in
the middle of the plate [this study].

As in other spiders, the course of sex chromosome con-
densation and pycnosis is complicated and species-spe-
cific in male meiosis of pholcids. The Y chromosome is
often more condensed than the X chromosomes. In some
pholcids, condensation of the X chromosomes is delayed
during diplotene and diakinesis (e.g. Nipisa, Leptophol-
cus, most Pholcus species) [this study].

It should be underlined that chromosomes of the CSCP
can also possess a specific behaviour in the male germline
of spiders. In some mygalomorphs, they are associated
and exhibit precocious chromatid separation in spermat-
ogonial mitosis. Furthermore, they are heterochromatic
in some male meiotic phases of some haplogynes and
mygalomorphs [5, 6, 9]. Therefore, a large heterochro-
matic pair observed in male prophase I of several pholc-
ids is probably a CSCP [this study].

Phylogenetic implications

Despite the relatively limited sample of studied species,
our study emphasizes the potential of karyotype data as
an independent source of information for phylogenetic
reconstruction. Based on character mapping, many chro-
mosome features were identified as apomorphies, which
can be potentially used to reconstruct pholcid phylogeny.
Most of these features concern the number of chromo-
some pairs, chromosome morphology, SCS, and NOR
pattern. Character mapping also suggests, however, a
high level of homoplasy and many characters that need
to be mapped on terminal branches, especially those
concerning chromosome morphology. In general, this
suggests a limited use of certain karyotype data for the
reconstruction of pholeid phylogeny. However, numerous
clades established on the basis of morphological and/or
molecular data are in fact supported by karyotype data:

- At tfle level of subfamilies: e.g. Smeringopinae (2
cflaracters) and Fflolcinae (3 cflaracters), sister rela-
tionsflip of Smeringopinae and Fflolcinae (2 cflarac-
ters) (Figs. ho, h8).

- At tfle level of genus-groups, e.g.:

- Sister-group relationsflip between Quamtana and
tfle Pholcus group of genera (tflree cflaracters)
(first proposed based on morpflology [76], later
supported by molecular data [20]) (Fig. h8).

- Clade formed by all artemine genera except
Artema (in our sample Chisosa, Wugigarra, Holoc-
neminus, and Physocyclus) (h cflaracter) (Fig. hS).

- Separation of Stygopholcus and  Hoplopholeus
(Fig. h6) (only cflaracter hS supports a close rela-
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tionsflip between tfle two genera, as originally
claimed e.g. by Brignoli [75-77]).

- Sister group relationsflip between Cantikus (previ-
ously in Pholcus) and Micropholeus (tflree cflarac-
ters) (strongly supported by molecular data, [20])
(Fig. h8).

- At tfle level of genera: e.g., Artema (tflree cflaracters),
Hoplopholcus (two cflaracters) (Figs. hS, h6).

In some cases, the karyotype data suggest plausible
alternative topologies that should be tested by molecular
(ideally phylogenomic) approaches.

- Fosition of Ninetinae. Frevious flypotfleses placed
ninetines eitfler as sister to all otfler pflolcids [6h, 78]
or togetfler witfl Artema as sister to all otfler pflolcids
[20]. Ancestral ninetines probably exflibited h3 cflro-
mosome pairs, as found in Pholcophora. The ances-
tor of anotfler studied ninetine, Kambiwa (h2 pairs),
probably flad tfle same NCFs as Pholcophora: one
pair flas most probably been incorporated into tfle
SCS. Mapping of cflromosome data on tfle molecu-
lar tree suggests two cflromosome cflanges in tfle
ancestors of Ninetinae (decrease of NCFs from h5 to
h3 and increase of NOR number to two loci) and tfle
same two cflanges in tfle common ancestor of Sme-
ringopinae + Fflolcinae (Figs. hS5, h6). Our cflromo-
some data tflus suggest a sister-group relationsflip
between Ninetinae and Smeringopinae + Fflolcinae.
Clearly, tfle position of ninetines continues to be
unclear.

- Fflylogeny of artemines witfl low diploid numbers.
The molecular pflylogeny suggests tfle following
topology: Chisosa (Physocyelus (Wugigarra + Hol-
ocneminus)) [2h]. In tflis clade, tfle X0 system could
eitfler arise once, witfl subsequent reversion to tfle
XY system (in Wugigarra), or it possibly evolved
tflree times from tfle XY system, namely in Chisosa.
Holocneminus, and Physocyelus (Fig. hS, Additional
file 29: Fig. S23). The first flypotflesis is improb-
able, since tfle X and Y cflromosomes of Wugigarra
exflibit tfle same mode of meiotic pairing as tfle cflro-
mosomes of tfle ancestral pfloleid X;X,Y system. This
mode of pairing would probably not be retained, if a
reversion to tfle XY system flad occurred. Altflougfl
tfle second flypotflesis (multiple convergent origin
of tfle X0 system from tfle XY system) is supported
by several independent origins of tfle X0 system in
otfler pflolcids, karyotype data lend some support to
an alternative topology (Wugigarra (Chisosa (Holoc-
neminus + Physocyclus))), wilicfl includes only a sin-
gle origin of tfle X0 system from tfle XY system in
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Aetana kinabalu
Spermophora senoculata
Belisana sabah
Metagonia sp.
Quamtana hectori
Quamtana filmeri

Nipisa deelemanae
Muruta tambunan
Leptopholcus guineensis
Pehrforsskalia conopyga
Cantikus sabah
Micropholcus fauroti
Micropholcus ubajara R23
Micropholcus piaui R23
Pholcus opilionoides
Pholcus pagbilao
Pholcus phalangioides
Pholcus sp.

Pholcus kindia

Pholcus bamboutos

Fig. 18 Pholcinae: karyotype characters mapped on a cladogram. Based on the most recent molecular phylogeny of Pholcidae [20, 21]. Standard
continuous lines: low bootstrapping branch support, i.e. < 70%; thick continuous lines: modest to full support of hypotheses, = 70% [21];
discontinuous lines: taxa not included in molecular phylogeny—phylogenetic position is based on cytogenetic data (dashed lines) or unresolved
(dotted lines). Number above mark: number of character; number below mark: character state. Full marks: characters without homoplasy; empty
marks: homoplasic characters. In some species, data on some characters are missing (information in square brackets). Selected events are marked E
and numbered (see Additional file 1: Table 51 for chromosomes formed by these events). Chromosomes formed by the other events are identifiable
unequivocally in Additional file 1: Table 51. Concerning chromosome pairs, only well-defined events changing chromosome morphology
substantially are considered. Reconstruction of karyotype evolution is based on our data, except for taxa marked by the formula RX (see reference X
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tfle clade, namely at tfle base of tfle clade formed by
tfle genera Chisosa, Holocneminus, and Physocyclus.
This scenario contradicts a fairly strong node linking
Wugigarra and Holocneminus (bootstrapping sup-
port 8h) [2h], but tfle alternative topology supported
by karyotype data sflould be furtfler tested too.
Fosition of Spermophora. This spider differs from
most otfler pflolcines by tfle absence of sex cflro-
mosome-linked NORs. According to tfle molecular
pflylogeny, Spermophora belongs to an early-diverg-
ing clade of pflolcines, wflicfl also includes tfle gen-
era Aefana and Belisana [2h], botfl of wflicfl flave
sex cflromosome-linked NORs (Fig. h8, Additional
file 3h: Fig. S25). In tflis pflylogeny, tfle absence of sex
cflromosome-linked NORs in Spermophora reflects
NOR loss. An alternative flypotflesis, based on cflro-
mosomes, is tflat tfle absence of sex cflromosome-
linked NORs in Spermophora represents a symple-
siomorpfly of pfloleids ratfler tflan a loss, suggesting
a sister-group relationsflip between Spermophora
and all otfler pflolcines. This is a plausible scenario
because tfle position of Spermophora (and also tflat
of Aetana and Belisana) was not strongly resolved in
tfle molecular pflylogeny.

Fflylogeny of tfle CKS clade (formed by Crosso-
priza, Holocnemus, and Stygopholcus). The molec-
ular pflylogeny suggests tfle topology H. hispani-
cus (Stvgopholcus (H. caudatus + Crossopriza)))
(Fig. h6). Karyotype data sflow a specific medium-
sized submetacentric pair (feature 6-h) in H. cau-
datus and H. hispanicus, wflicfl evolved eitfler once
or twice. This uncertainty is related to tfle question
of Holocnemus monopflyly: H. caudatus and H. his-
panicus migflt be sister taxa, sflaring feature 6-h.
Molecular data did not support sucfl a relationsflip,
but also did not strongly contradict it [20]. The two
species are geograpflic neigflbors and are morpflo-
logically similar, wflicfl lends furtfler credibility to
tfle karyotype data. The type species of Holocnemus,
H. pluchei, is a morpflologically isolated species and
probably not closely related to H. caudatus and H.
hispanicus (B.A. Kuber, unpublisfled data). Cflro-
mosome data suggest it is probably sister taxon to
tfle otfler taxa of tfle CKS clade (Fig. h6). Mapping
of tfle cflromosome information on a molecular
cladogram suggests tflat eleven CFs is a synapo-
morpfly of Stygopholeus, Holocnemus caudatus, H.
hispanicus, and Crossopriza (Fig. h6). The molecu-
lar cladogram also suggests anotfler synapomorpfly
for tflis clade, namely a sex cflromosome-linked
NOR. This structure is already present at tfle base
of tflis clade in H. hispanicus, i.e. before tfle sepa-
ration of Stygopholcus (Fig. h6). In contrast to H.
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hispanicus, flowever, Stygopholcus does not exflibit
sex cflrososome-linked NOR, indicating secondary
loss of tflis marker. The cflromosome data suggest a
more plausible explanation of tfle pattern found in
Stygopholcus. Similar to Spermophora, tfle absence
of sex cflromosome-linked NOR may represent a
symplesiomorpfly of pflolcids ratfler tflan a loss,
wilicfl suggests a sister-group relationsflip between
Stvgopholeus and a clade formed by H. caudartus, H.
hispanicus, and Crossopriza.

- Smeringopus pflylogeny. Molecular data suggested
tfle topology S. pallidus (S. cylindrogaster (S. atom-
arius (S. similis + S. peregrinus))) (Fig. h6) (accept-
ing tflat S. peregrinus, wflicfl was not included in tfle
analysis, and S. peregrinoides are closely related).
Mapping of cflromosome data on tflis cladogram
suggests two independent origins of tfle specific
sflortest cflromosome pair exflibiting an acrocen-
tric morpflology, namely in 5. cylindrogaster and
S. atomarius. This pair migflt arise by pericentric
inversion from a sflort subtelocentric pair, wilicfl
is a synapomorpfly of S. similis and S. peregrinus.
Cflromosome data indicate tflat tfle sflortest cflro-
mosome pair exflibiting an acrocentric morpflology
may be a synapomorpfly of S. cylindrogaster and S.
atomarius. This is in agreement witfl a morpflologi-
cal cladistic analysis [79], suggesting tflat tfle sister-
group relationsflip between S. cvlindrogaster and
S. atomarius indicated by tfle karyotype data is a
plausible alternative to tfle molecular flypotflesis.

- Fosition of Pholcus phalangioides. Mapping of cflro-
mosome information on tfle cladogram derived from
molecular data suggests an independent decrease of
NCFs from eleven to ten and a considerable decrease
of X, size in tfle two Pholcus clades, namely P. pag-
bilao and African Pholcus species (Fig. h8). Cflro-
mosomes suggest an alternative topology, namely a
single origin of tflese features at tfle base of a clade
formed by African and Soutfl Asian members of
Pholcus. A closer relationsflip of African Pholcus witfl
tfle Soutfleast Asian P. pagbilao tflan witfl P. phalan-
gioides is plausible, as tfle latter was identified as a
rougue taxon in [20], and is tflus likely misplaced in
Fig. h8.

Conclusions

Our study focused on the chromosome evolution of
pholcids. A high species diversity of these spiders makes
them a suitable model to analyse the fundamental trends
of karyotype differentiation in haplogyne arancomorphs,
a large spider clade comprising 20 families and more
than 6000 species. Although the karyotype evolution of
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haplogynes includes many specific traits, it is not satis-
factorily understood.

As in most other haplogynes, pholcids exhibit low to
modest diploid numbers (2nd = 9-33). The diploid num-
ber of Microphelcus (2nd = 9) is the lowest found in ara-
neomorph spiders with monocentric chromosomes so
far. Pholcid karyotypes are predominated by metacen-
tric chromosomes, which is another typical haplogyne
feature. The evolution of pholcid chromosome pairs
included frequent centric fusions, pericentric inversions,
and translocations. Pholcid SCS are diversified. The
ancestral sex chromosome determination of haplogy-
nes, including pholcids, is presumably the X;X.;Y system,
which exhibits a specific chromosome morphology and
achiasmatic pairing in male meiosis. The chromosomes
of this system are already associated during spermatogo-
nial mitoses. Chromosomes of the X,X;Y system differ in
the pattern of their evolution. In some pholcid lineages,
the X;X:2Y system is converted into multiple X or XY
systems, which retain the original achiasmatic sex chro-
mosome pairing, and subsequently into the X0 system.
Our data also suggest frequent integration of autosome
fragments into sex chromosomes, as well as inversions
and translocations of these chromosomes. Evolution
of some pholcine X,X;Y lineages has included an enor-
mous increase in size of the Y chromosome. Concerning
haplogynes, there are no SCS formed by rearrangements
between chromosome pair(s) and achiasmatic sex chro-
mosomes, except for Kambiwa, which indicates potent
constraints preventing these events. Our study also pro-
vides a first analysis of NOR evolution within a spider
family. Pholcids display a considerable diversity of NOR
patterns. The ancestral pattern was probably formed by
a single terminal NOR locus. The subsequent evolution
was accompanied by multiple increases of NOR num-
ber, as well as multiple invasions of NORs on sex chro-
mosomes. Almost all NORs display a terminal location,
which probably reflects their preferential spreading by
ectopic recombination. The X;X2Y system of pholcines
shows a specific distribution of sex chromosome-linked
NORs, which are located almost exclusively at X chro-
mosome ends involved in pairing. This pattern indicates
involvement of NORs in achiasmatic pairing. In some
pholcines these NORs were lost or degenerated. As in
other haplogynes, the prophase of the first meiotic divi-
sion is modified in pholcid males. It includes a diffuse
stage, which is distinguished by an extreme decondensa-
tion of bivalents. Another specific feature of male meiosis
is a very low recombination frequency in most pholcids.

Our study suggests a very low intraspecific diversity of
pholcid karyotypes. Closely related species differ, how-
ever, often by the morphology of several chromosome
pairs and sex chromosomes, as well as NOR pattern.
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Based on this pattern, we suppose that these changes can
already appear during intraspecific karyotype differentia-
tion. In several species, an intraspecific diversity of NOR
pattern is suggested by the occurrence of heterozygotes
for NOR. Rearrangements of chromosome pairs and sex
chromosomes probably contribute towards the formation
of interspecific reproductive barriers. Rapid sex chromo-
some evolution of pholcids may accelerate species diver-
sification of these spiders. Although some karyotype
features of pholcids are highly homoplasic, others are
congruent with previous phylogenetic hypotheses based
on morphology and/or molecules, suggesting a consider-
able potential for phylogenetic reconstruction. In some
cases, our karyotype data suggest plausible alternative
hypotheses on pholcid phylogenetic relationships, which
can be tested by approaches of molecular phylogeny and
phylogenomics. Our study offers novel hypotheses on
karyotype evolution of haplogyne spiders, which can be
tested by methods of molecular biology and cytogenetics
in pholcids, as well as other haplogyne clades. Pholcids
seem to be a suitable model group to analyse (1) partici-
pation of NORs in achiasmatic pairing, (2) co-evolution
of sex chromosomes and NORs, (3) evolutionary differ-
entiation of SCS composed of non-recombining chro-
mosomes, and (4) increase and rejuvenation of the Y
chromosome during evolution.

Methods

Material

In total, 197 specimens belonging to 47 pholcid species
were analysed. Information on the studied species (num-
ber of analysed specimens, their sex, ontogenetic stage,
and locality data) and deposition of voucher specimens
are given in Additional file 32: Table S6.

Preparation of Giemsa-stained slides and their evaluation
Chromosome plates were obtained from subadult or
adult males, specifically from testes or the whole content
of the abdomen (in small species). Slides were prepared
by the spreading technique [80]. Tissues were hypo-
tonized in 0.075 M KCl1 for 20-25 min at room temper-
ature (RT) and fixed twice (10 and 20 min) in ethanol:
acetic acid (3:1) (RT). The cell suspension was prepared
from a piece of fixed tissue in a drop of 60% acetic acid on
a slide using a pair of tungsten needles. The preparation
was placed on a histological plate (40 °C). The drop was
moved by a tungsten needle until almost complete evap-
orated. The remaining suspension was discarded. Slides
were stained using 5% Giemsa solution in Sérensen
buffer (pH 6.8) for 28 min (RT).

Preparations were inspected under an Olympus BX 50
microscope equipped with DP 71 CCD camera, To con-
struct the karyotype, in most cases several metaphases
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II or mitotic metaphases (preferably five), were analysed
to determine the relative chromosome length (RCL)
and chromosome morphology. In the case of meta-
phases II, plates containing both sister cells were evalu-
ated, except for Aetana, Artema nephilit, Hoplopholcus
labyrinthi, and Quamtana filmeri. In these species, only
single metaphase II cells were available. In some spe-
cies, determination of chromosome morphology was dif-
ficult due to chromosome coiling. In most cases, it was
impossible to distinguish the CSCP from autosomes.
Therefore, the CSCP and autosomes are referred to col-
lectively as chromosome pairs. Relative chromosome
length was estimated as a percentage of the total chro-
mosome length of the haploid set (TCL). Chromosome
morphology was based on the position of the centromere
[81], which was calculated as the ratio of the longer and
shorter chromosome arms. Based on this ratio, four
chromosome morphologies were recognized, specifically
metacentric (1.0-1.7). submetacentric (1.71-3.0), sub-
telocentric (3.01-7.0), and acrocentric (> 7). Some chro-
mosomes exhibited a transitional morphology between
two of these types. In these cases, chromosome morphol-
ogy was denoted by the formula x/y (this formula means
transition between morphology x and y). Mediocentric
chromosomes (1.0-1.3) were considered as a subset of
metacentric  chromosomes. Metacentric and submeta-
centric chromosomes were considered as biarmed, and
subtelocentric and acrocentric chromosomes as mono-
armed. The sex chromosome system was usually iden-
tified from meiosis of the heterogametic sex, based on
segregation of the sex chromosomes and/or their behav-
ior in prophase and metaphase I. In Psilochorus califor-
nige, the sex chromosome system was determined on the
basis of the sex chromosome-specific pattern of NORs.
Some karyotypes contained several different X chro-
mosomes. In this case, X chromosomes were numbered
according to decreasing size. The preferential position
of sex chromosomes was evaluated from 10 or 20 chro-
mosome plates. Chromosomes were measured using
the programme IMAGEJ 1.47 (http://imagej.nih.gov/ij/).
Karyotypes were assembled using the programme Corel
Photo Paint X3. In some ninetines (Kambiwa) and phol-
cines (Metagonia, Muruta, Nipisa, Pehrforsskalia, Phol-
cus bamboutos), data on chromosome morphology were
not sufficient to assemble the karyotype. Karyotypes of
Holocnemus caudatus, Pholcus phalangioides, and Sper-
mophora senoculata have already been published in
another paper [9]. Finally, several late prophases 1 (pref-
erably five or ten) were analysed to determine the fre-
quency of chiasmata, which was assessed as a ratio of
total chiasmata number found to total bivalent number
counted in the analysed plates.
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Detection of nucleolus organizer regions

Nucleolus organizer regions were detected using the
biotin labelled 18S rDNA probe. Initially, we tested
probes from several spider species. The probe from
the haplogyne spider Dysdera erythrina (Dysderidae)
showed the lowest level of non-specific hybridization
and was used in our study. The probe was generated
following [65]. The D. erythrina 188 rDNA ampli-
con was about 1600 bp long. It was cloned into the
P-Gem T easy vector (Promega, Madison, WI, USA)
and Sanger sequenced using both specific [65] and
M 13 universal primers. We recovered a 1549 bp long
sequence, which was deposited in GenBank under the
acc. no. MT886274. Blastn search revealed that the
sequence partially matches the 188 rDNA sequences
of other D. erythrina isolates (Acc. nos. KF929034
and KY016439) with identity > 99.9%. The probe was
detected by streptavidin-Cy3, with amplification of the
signal (biotinylated antistreptavidin, streptavidin-Cy3).
Chromosomes were counterstained by DAPI (see [65]
for details of method). Besides unstained slides, prepa-
rations stained by Giemsa were used for NOR detection
after their observation under immersion oil objective.
Immersion oil was removed from these preparations by
xylene and benzine baths (1 min each, RT). The stain
was removed from slides by their incubation in fixative
(3 min, RT). In Artema, pre-treatment of slides with
proteinase K was carried out to remove cytoplasmatic
residues (see [65] for details of treatment). Selected
chromosome plates were captured with an Olympus
IX81 microscope equipped with an ORCA-AG CCD
camera (Hammatsu), or Zeiss Axioplan 2 microscope
along with F-View CCD camera (Olympus). Images
were pseudocoloured (red for Cy3, blue for DAPI)
and superimposed with Cell*R software (Olympus
Soft Imaging Solutions) or AnalySIS 3.2 software (Soft
Imaging, System GmbH, Miinster, Germany). Mor-
phology of NOR-bearing pairs was determined using
images or inferred from data on the morphology of the
chromosome pairs (in case all pairs had the same mor-
phology, e.g. metacentric). In pholcines exhibiting the
XiXoY system, NOR-bearing sex chromosomes were
identified by a combination of two approaches. First,
sex chromosomes often exhibited more intensive fluo-
rescence than the other chromosomes during mitosis.
Second, from comparison of late prophase/metaphase [
and mitotic metaphase, it is possible to distinguish the
NOR-bearing chromosomes of the X, XyY system. In
meiosis, these chromosomes pair by their NOR-bearing
regions, thus forming one strong signal comprised of
several NORs.
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Evolution of cytogenetic characters

We organized the obtained data into 17 characters
describing the number, size, and morphology of chro-
mosomes, SCS, and NORs. The evolution of cytogenetic
characters was reconstructed by character mapping
on the latest molecular phylogeny of Pholcidae [20, 21]
(Figs. 15, 16, 18, Additional file 29: Fig. S23, Additional
file 30: Fig. S24, Additional file 31: Fig. S25). To recon-
struct karyotype evolution of pholcids, we also used data
obtained by other authors (see Additional file 2: Table S2,
Additional file 7: Table S3, Additional file 12: Table S4,
Additional file 19: Table S5). Doubtful data were excluded
from the reconstruction (see “Discussion” for their analy-
sis). The cytogenetic characters used in the reconstruc-
tion of karyotype evolution are listed below.

Number, size, and morphology of chromosome pairs
Character 1. Number of chromosome pairs: (0) 15, (1) 13,
(2)12,(3) 11, (4) 10, (5) 8, (6) 7,(7) 6, (8) 4.

Character 2. Relative size of first three chromosome
pairs: (0) gradual decrease in size from the first to fourth
pair, (1) a considerable increase of chromosomes of the
first pair (size difference between chromosome of first
and second pair > 1.5% of TCL), (2) first two pairs consid-
erably increased (size difference between chromosome of
second and third pair > 1.5% of TCL), (3) first three pairs
considerably increased (size difference between chromo-
some of third and fourth pair > 1.5% of TCL).

Character 3. Relative size of the smallest chromosome
pair: (0) small size difference between last two pairs,
(1) considerable reduction of last pair (size difference
between chromosomes of last two pairs > 1.5% of TCL).

Character 4. Morphology of longest chromosome pair:
(0) metacentric, (1) submetacentric.

Character 5. Morphology of long marker chromo-
some pair: (0) metacentric, (1) submetacentric, (2)
subtelocentric.

Character 6. Morphology of medium-sized marker
chromosome pair: (0) metacentric, (1) submetacentric,
(2) subtelocentric, (3) acrocentric.

Character 7. Morphology of short marker chromosome
pair: (0) metacentric, (1) submetacentric, (3) subtelocen-
tric, (4) acrocentric.

Character 8. Morphology of shortest chromosome pair:
(0) metacentric, (1) submetacentric, (2) subtelocentric,
(3) acrocentric.,

In the case of characters 2-8, we did not consider chro-
mosome pairs of species to be homologous except for
several specific cases, where we consider some chromo-
somes of closely related species exhibiting a very similar
karyotype to probably be homologous. It concerns the
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events El, E2, E3, E24, E27, E28, E29, E34, and E35 (see
Additional file 1: Table S1).

Sex chromosomes
Character 9. Sex chromosome system: (0) X,X:Y, (1) XY,
(2) XiXaX5XaY, (3) XiXa0, (4) X0, (5) X, XoX50.

Character 10. X, chromosome. (0) large element, simi-
lar to X, (1) reduction of X, (size < 7% of TCL for Arte-
minae, Pholcinae; size < 7.5% of TCL for Smeringopinae),
(2) considerable reduction of X; (size < 4% of TCL), (3)
considerable increase of X, (= 2% of TCL).

Character 11. Y chromosome. (0) tiny, (1) increase (size
= 4.5% of TCL), (2) considerable increase (size = 7% of
TCL).

Character 12. X, morphology: (0) metacentric, (1)
submetacentric.

Character 13. X, morphology: (0) metacentric, (1) sub-
metacentric, (2) subtelocentric, (3) acrocentric.

Character 14. Y morphology: (0) metacentric, (1)
submetacentric.

Nucleolus organizer regions
Character 15, Total number of NOR loci on chromosome
pairs: (0) 1, (1) 2,(2) 3, (3) 4, (4) 5.

Character 16. Location of NORs on chromosome pairs:
(0) each NOR-bearing pair with one terminal NOR, (1)
pericentric, (2) each NOR-bearing pair with one terminal
NOR, except for one pair with NOR at both ends.

Character 17. Sex chromosome-linked NORs: (0)
NORs located exclusively on chromosome pairs, (1)
NOR at one end of X, chromosome (X, XY system), (2)
NOR at both ends of X, chromosome (X,X:Y system), (3)
NOR at both ends of X; chromosome plus one end of X
chromosome (X, X;Y system), (4) NOR at both ends of
X chromosome and X> chromosome, as well as at one
end of Y chromosome (X, X;Y system), (5) NOR at one X
chromosome end (X0 system), (6) NOR at both X chro-
mosome ends (X0 system), (7) X chromosome-linked
NOR (X X2X3X4Y system), (8) loss of all sex chromo-
some-linked NORs.

Abbreviations

AT: Adenine-thymine; CAS: Czech Academy of Science; CCD: Charge-
coupled device; CHS clade: Clade formed by Crossopriza, Holocnemus, and
Stygophoicus; Cl: Centromeric index; CP: Chromosome pair; CSCP: Cryptic sex
chromosome pair; Cy-3: Cyanomycin 3; DAPI: 4',6-Diamidine-2-phenylindole
dihydrochloride; FISH: Fluorescence in situ hybridization; KCl: Kalium chloride;
NCPs: Number of chromosome pairs; NOR: Nucleolus organizer region; RCL:
Relative chromosome length; rDNA: Ribosomal DNA; rRNA: Ribosomal RNA;
RT: Room temperature; 5: Svedberg unit; SCB: Sex chromosome body; SCL-
NOR clade: Sex chromosome-linked NOR clade (belonging to Pholcinae); SCS:
Sex chromosome system; TCL: Total chromosome length; 2n: Diploid chromo-
some number.
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Additional file 1: Table S1. Species under study, male karyotype data
(including standard deviation). Abbreviations: EX = product of event X

(X = number of event), phase = phase of mitotic/meiotic division used to
obtain data on chromosome morphology (m mit = mitotic metaphase, m
| = metaphase |, m Il = metaphase I}, plates = number of chromosome
plates evaluated, parameters = parameters used to describe chromosome
morphology [CI = centromeric index, RCL = relative chromosome length
(% of TCL)]. Chromosome morphology is indicated by background colour
of a box (pink: metacentric, brown: submetacentric, dark blue: subtelocen-
tric, light blue: acrocentric, red: unknown).

Additional file 2: Table S2. Arteminae, summary of male cytogenetic
data, including results of other authors. Doubtful data are not included.
See database [24] for full list of published data on pholcid karyotypes,
including doubtful data. Abbreviations: a = acrocentric, bi = biarmed,
CP = chromosome pair, m = metacentric, n = number of plates evalu-
ated, p = short chromosome arm, pc = pericentric, g = long chromo-
some arm, SC = sex chromosome, SCS = sex chromosome system,

sm = submetacentric, * = revision of data of other authors, st = subtelo-
centric, t = terminal, 7 = unknown, “X = data of other authors (X = refer-
ence number).

Additional file 3: Fig. S1. Arteminae, Artema atlanta, male karyotype,
stained by Giemsa. Based on two sister metaphases Il. Chromosomes
metacentric, except for four submetacentric pairs (nos 1, 6, 9, 12) and sub-
telocentric X; chr Note low ¢ ion of X chromosomes.
Bar = 10 pym.

Additional file 4: Fig. $2. Sex chromosomes of artemines with the XiXY
and XY systems. Stained by Giemsa. X, = X, chromosome, X; = X, chro-
mosome, Y = Y chromosome. (a-c) Artema atlanta (X:X:Y). a Metaphase
1, composed of 15 bivalents and sex chromosome trivalent. b Metaphase
I, with chromosomes X and X; at the periphery of the plate. ¢ Metaphase
Il with Y chromosome. (d-f) Wugigarra sp. d Metaphase |, consisting

of seven bivalents and a XY pair. @ Metaphase Il containing a positively
heteropycnotic X chromosome (n = 8). f Metaphase Il, containingaY
chromosome (n = 8). Bar = 10 pm.

Additional file 5: Fig. S3. Sex chromosomes of artemines with the X0
system. Stained by Giemsa. X = X chromosome. (a, b) Chisosa diluta. a
Metaphase |, consisting of six bivalents and a peripheral X chromosome.
b Group of metaphases Il separated by lines. It consists of one metaphase
containing a positively heteropycnotic X chromosome (n = 7, in the
middle of the plate) and two metaphases without sex chromosome (left
metaphase is incomplete); (¢, d) Holocneminus sp. € Metaphase |, compris-
ing seven bivalents and peripheral X chromosome. d Two sister meta-
phases |l separated by a line (n = 8 including X chromosome + n = 7);
(e, f) Physocyclus dugesi. € Diplotene, comprising seven bivalents and
peripheral X chromosome. f Anaphase II. Note slight positive heteropyc-
nosis of X chromosome. Bar = 10 pm.

Additional file 6: Fig. 54. Arteminae, males, detection of NORs (FISH).
Arrowhead = NOR-bearing chromosome (b, ¢) or bivalent (a, d), X = X
chromosome, Y = Y chromosome. (a, b) Artema atlanta (X:X2Y). a Meta-
phase |, note NOR-bearing bivalent. b Two fused sister metaphases Il, one
pair of submetacentric chromosomes bears a terminal NOR; ¢ Wugigarra
sp. (XY), two fused sister metaphases II. Note chromosomes of a subtela-
centric pair bearing terminal NOR at the end of short arm; d Chisosa diluta
(X0), diffuse stage, one bivalent includes a NOR. Bar = 10 pm.
Additional file 7: Table $3. Modisiminae and Ninetinae, summary of
male cytogenetic data, including results of other authors, Doubtful data
are not included. See database [24] for full list of published data on
pholcid karyotypes, including doubtful data. Abbreviations: bi = biarmed,
CP = chromosome pair, m = metacentric, n = number of plates evalu-
ated, p = short chromosome arm, q = long chromosome arm, 5C = sex
chromosome, SCS = sex chromosome system, sm = submetacentric,
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st = subtelocentric, t = terminal, ? = unknown, *X = data of other authors
(X = reference number).

Additional file 8: Fig. S5. Sex chromosome systems of modisimines.
Stained by Giemsa. X = X chromosome. (a-€) Anopsicus sp. (X0) a meta-
phase I, consisting of eight bivalents and peripheral X chromosome. b
Metaphase II, including X chromosome (n = 9). ¢ Metaphase Il, without
X chromosome (n = 8); (d, ) Modisimus cf. elongatus (X0). d Diplotene,
comprising eight bivalents and a peripheral X chromosome. e Two sister
metaphases || separated by a line (n = 8 + n = 9, including peripheral
X chromosome}; (f, g) Psilochorus palliduius (X0). f Diplotene, comprising
eight bivalents and peripheral X chromosome. g Twao sister metaphases |l
(n =9, including X chromosome + n = 8). Bar = 10 pm.

Additional file 9: Fig. S6. Psilochorus (Modisiminae), male karyotypes,
stained by Giemsa. Sex chromosome is the longest element of the
karyotype. a Psilochorus californiae. Karyotype metacentric, except for
two submetacentric (nos 2, 7) and one subtelocentric pairs (no. 5). Based
on spermatogonial metaphase, centromeres marked by arrowheads; b P.
pallidulus. Chromosomes metacentric. Based on two sister metaphases II.
Bar = 10 pm.

Additional file10: Fig. $7. Sex chromosome systems of ninetines.
Stained by Giemsa. Figures a and b contain a scheme of the multivalent.

M = sex chromosome multivalent, O = overlapping of two bivalents,
X = X chromosome, X; = X; chromosome, X, = X, chromosome, Y =Y
chromosome. (a, b) Kambiwa neotropica (X,X,X;X.Y), plates of the first
meiotic division consisting of 12 bivalents plus a sex chromosome multi-
valent consisting of four “arms”. Two “arms” are thick (red) and two are thin
(orange). a Diakinesis. b Metaphase |. Note cross-shaped morphology of
multivalent; (c, d) Pt (X1Xz2Y). € Diakir comprising
13 bivalents and sex chromosomes X1, Xz, and Y. Sex chromosomes show
end-to-end paring. d Two sister metaphases |l separated by a line (n = 15,
including chromosomes X: and Xz + n = 14 including Y microchromo-
some). Bar = 10 pm.

Additional file 11: Fig. S8. Cytogenetics of ninetines (a-c) and pholcines
(d-i), male germline. Figures d, f, i contain scheme of sex chromosome
trivalent XiXzY. B = large bivalent, H = large bivalent exhibiting positive
heteropycnosis, mon = monoarmed X chromosome, T = sex chromo-
some trivalent, X = X chromosome, X, = X, chromosome, X; = X,
chromosome, Y = Y chromosome. (a-c) Kambiwa neotropica (X,X;X;X,Y).
a Spermatogonial metaphase (2n = 29). Chromosomes are biarmed,
except for two monoarmed chromosomes. b Metaphase |, consist-

ing of 12 chromosomes and cluster of four positively heteropycnotic X
chromosomes. ¢ Metaphase Il, formed by 12 chromosomes and a Y micro-
chromosome; d Aetana kinabalu (X1XzY), incomplete metaphase |. Sex
chromosomes pair by ends of their arms, X chromosomes are positively
heteropycnotic; (e, f) Metagonia sp. (X:XzY), late prophase |. Note low
chromosome condensation. e Diplotene. Plate consists of eight bivalents
and almost decondensed sex chromosomes. f Diakinesis, note the X:X:Y
trivalent, Y chromosome mare condensed than X chromosomes; (g, h)
Pehrforsskalia conopyga (X:X:Y). g Early diplotene. Note sex chromosomes
forming a compact positively heteropycnotic body and large positively
heteropycnotic bivalent. h Metaphase |, formed by seven bivalents and
sex chromosome trivalent. Two bivalents (B) are much longer than the
remaining ones. Note tiny Y chromosome; i Pholcus bamboutos (X:XzY),
transition from metaphase to anaphase |. Note the delayed separation of
sex chromosomes. Only one end of the Xz chromosome takes part in pair-
ing. The Y chromosome is positively heteropycnotic. Bar = 10 pm.
Additional file 12: Table $4. Pholcinae, summary of male cytogenetic
data, including results of other authors. Doubtful data are not included.

See database [24] for full list of published data on pholcid karyotypes,
including doubtful data. Abbreviations: a = acracentric, bi = biarmed,
CP = chromosome pair, m = metacentric, n = number of plates evalu-
ated, p = short chromosome arm, q = long chromosome arm, SC = sex
chromosome, SCS = sex chromosome system, sm = submetacentric,

* = revision of data of other authors, st = subtelocentric, t = terminal,

? = unknown, *X = data of other authors (X = reference number).
Additional file 13: Fig. $9. Sex chromaosomes of phalcines with the XiGY

system, part |. Stained by Giemsa. Figures a, d, e contain a scheme of the
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sex chromosome trivalent. X; = X; chromosome, X; = X; chromosome,
Y =Y chromosome, PS = precocious separation of chromosomes of the
bivalent. (a-c) Aetana kinabalu. a Metaphase |, comprising 11 bivalents
(one bivalent shows a precocious separation of chromosomes) and a sex
chromosome trivalent. X chromosomes are positively heteropycnotic. b
Metaphase Il, containing X chromosomes (n = 12). ¢ Transition metaphase
Il/anaphase I, fusion of two sister plates. Note X chromosomes exhibiting
a delayed separation of chromatids and a Y microchromosome; (d-f)
Nipisa deelemanae. d Metaphase |, comprising 11 bivalents and sex chro-
mosome trivalent. e Part of a plate formed by several fused metaphases I,
sex chromosome trivalent encircled. f Two sister metaphases |l separated
by a line (n = 12, including Y microchromosome + n = 13 including
metacentric chromosomes X, and X;). Note the reduction of the X; chro-
mosome. Bar = 10 pm.

Additional file14: Fig. $10, Sex chromosomes of pholcines with the
XiXz2Y system, part I1. Stained by Giemsa. Figures a, b contain a scheme of
the sex chromosome trivalent. T = trivalent, X, = X, chromosome, X; = X;
chromosome, Y = Y chromosome. (a-d) Leptopholcus guineensis. a Early
diplotene, consisting of seven bivalents and a sex chromosome trivalent,
X chromosomes exhibit a low condensation. b Twao fused diplotene. €
Metaphase |l, including X chromosomes (n = 9). X1 chromosome is posi-
tively heteropycnotic. d Metaphase 11, including a Y chromosome (n = 8);
(e, f) Metagonia sp. e Spermatogonial metaphase, note the Y microchro-
mosome. f Diplotene, note the positively heteropycnotic body formed by
the sex chromosomes. Bar = 10 pm.

Additional file15: Fig. $11, Sex chromosomes of pholcines with the
XiXaY system, part [Il. Stained by Giemsa. Figures a, c, e contain a scheme
of the sex chromosome trivalent. ¢ = centromere, Xi = X: chromasome,

Xz = Xz chromosome, Y = Y chromosome. (a, b) Muruta tambunan. a
Diakinesis, consisting of 11 bivalents and a sex chromosome trivalent. b
Twao sister metaphases |l separated by a line (n = 12, including Y chromo-
some + n = 13 including chromosomes Xi and Xz). Note the metacentric
X1 chromosome and submetacentric X; chromosome on the periphery of
the plate. They exhibit positive heteropycnesis; (€, d) Pholcus phalangio-
ides. ¢ Diakinesis, comprising 11 bivalents and a sex chromosome trivalent,
which is placed in the middle of the plate and exhibits positive hetero-
pycnosis. Concerning the X; chromosome, only end of the long arm is
involved in pairing. d Anaphase I1. Note the positive heteropycnosis of the
sex chromosomes. The X chromasomes are associated; (e, f) Spermophora
senoculata. e Metaphase |, comprising 11 bivalents and a sex chromo-
some trivalent. f Metaphase Il, X chromosomes are less condensed than
the other chromosomes; (g, h) Quamtana hectori. g Metaphase |, com-
posed of 10 bivalents and a sex chromosome trivalent. Concerning the Xa
chromosome, only one end is involved in pairing. h Two sister metaphases
|l separated by a line (n = 11 including Y chromosome + n = 12 including
chromosomes X, and X;). Bar = 10 pm.

Additional file 16: Fig. $12. Pholcinae, male karyotypes, Giemsa staining.
Based on metaphase Il (a) or two sister metaphases Il (b-d). a Aetana
kinabalu, haploid set, karyotype metacentric except for submetacentric X;
chromosome and acrocentric chromosome (no. 10), which is considerably
reduced in comparison with preceding chromosome. The Y chromo-
some is from another metaphase Il. Morphology of the Y chromosome is
unresolved; b Pholcus pagbilao. Karyotype is metacentric except for three
submetacentric pairs (nos 5, 7, 10), submetacentric Y chromosome, and
acrocentric Xz; € P. opilionoides, chromosomes metacentric except for five
submetacentric pairs (nos 2-6) and acrocentric X2. Chromosome X is the
longest chromosome of karyotype. On the contrary, Y is the smallest one.
Y chromosome is replaced by Y from another plate; d Quamtana hectori.
Karyotype metacentric, except for acrocentric X;. Centromeres of sex
chromosomes marked by arrowheads. Bar = 10 ym.

Additional file 17: Fig. S13. Sex chromosomes of pholcines with the X0
system. Stained by Giemsa. X = X chromosome. (a, b) Belisana sabah. a
Metaphase I, consisting of 11 bivalents and a peripheral X chromosome, b
Two sister metaphases Il separated by a line (n = 11 + n = 12, includ-
ing a positively heteropycnotic X chromosome); (c, d) Cantikus sabah.

¢ Diplotene, comprising six bivalents and a positively heteropycnotic

X chromosome placed on the periphery of the plate. d Prometaphase

Il 'including the X chromosome (n = 7); (e, f) Micropholcus faurati.

Diplotene composed of four bivalents and a positively heteropycnotic

X chromosome placed on the periphery of the plate. f Plate formed by
fusion of two sister metaphases I1. It includes a negatively heteropycnotic

X chromosome. Bar = 10 pm.

Additional file 18: Fig. 514. Pholcinae, males, detection of NORs {FISH).
Figures ¢, e contain a scheme of the sex chromosome trivalent XiXzY
(red = signal formed by several NORs). Arrowhead = NOR-bearing
chromosome (a, b, d, f-h), bivalent (c, e) or trivalent (c, e), open arrow-
head = sex chromosome-linked NOR, T = sex chromosome trivalent,

X; = X; chromosome, X; = X; chromosome, Y = Y chromosome, + = sig-
nal formed by several NORs. a Microphoicus fauroti (X0), mitotic meta-
phase. Note association of two homologous chromosomes containing
terminal NOR (in - interphase nucleus); (b, c) Nipisa deelemanae (XiXzY).

b Mitotic metaphase. X chromasomes (X, Xz) and another chromosome
(1) bear a terminal NOR at both ends. Five other chramosomes, including
Y chromosome, involves one terminal NOR only. The sex chromosomes X1
and X; are associated in parallel in the middle of the plate. b Metaphase |,
note the three bivalents bearing a NOR and the sex chromosome trivalent
with a signal in the region of chromosome pairing (see scheme); (d-f)
Quamtana hectori (X:1X2Y). d Mitotic metaphase (separated by a line from
another plate). Xi chromosome bears two NORs, each at opposite end of
the chromosome. Chromosomes of two pairs also include a terminal NOR;
e Metaphase |, two bivalents contain NOR. The sex chromosome trivalent
contains a signal in region of chromosome pairing (see scheme). f Plate
formed by fused sister metaphases Il, chromosomes of NOR-bearing
pairs exhibit biarmed morphology. The X: chromesome is terminated

by NOR at bath ends. Y chromosome considerably condensed, without
signal; (g, h) Q. filmeri (X:XzY), mitotic plates. The X; chromosome bears
two NORs, each at opposite end of chromosome. Chromosomes of one
pair also contain a terminal NOR. g Prophase, sex chromosomes exhibit a
more intensive fluorescence than the other chromosomes. h Metaphase.
Bar = 5 pm except for c, e, g (10 pm).

Additional file 19: Table S5. Smeringopinae, summary of male
cytogenetic data, including results of other authors. Doubtful data are
not included. See database [24] for full list of published data on pholcid
karyotypes including doubtful data. Abbreviations: a = acrocentric,

bi = biarmed, CP = chromosome pair, m = metacentric, n = number of
plates evaluated, p = short chromosome arm, q = long chromosome
arm, SC = sex chromasome, SCS = sex chromosome system, sm = sub-
metacentric, * = revision of data of other authors, st = subtelocentric,

t = terminal, ? = unknown, *X = data of other authors (X = reference
number).

Additional file 20: Fig. S15. Hoplopholcus and Smeringopus (Smerin-
gopinae), male karyotypes, stained by Giemsa. Based on metaphase Il (a)
or two sister metaphases |l (b-e). Autosome pairs decrease gradually in
size. The Xi is the longest element of the set (except for d). Karyotypes are
predominated by metacentrics. a H. labyrinthi, haploid set, note the two
submetacentric chromosomes (nos 5, 9), subtelocentric chromosome
(no. 6) and subtelocentric Xz chromasome; b S. atomarius, note one sub-
metacentric (no. 3) and one acrocentric pairs (no. 13), and submetacentric
X2; € S. ndumo, note two submetacentric pairs (nos 4, 11); d S. peregrinus,
note three submetacentric (nos 1, 4, 6) and one subtelocentric pairs (no.
12), and subtelocentric X;. Sex chromosomes positively heteropycnotic; e
Smeringopus sp., note two submetacentric pairs (nos 1, 2), one acrocentric
pair (no. 10) and acrocentric Xz. Bar = 10 pm.

Additional file 21: Fig. S16. Crossopriza [yoni (Smeringopinae), male
karyotype, Giemsa staining. Based on two sister metaphases Il. Karyotype
metacentric, except for submetacentric pairs nos 2 and 11. First two
pairs differ from the other ones by large size. The X chromosome is the
longest chromosome of the set. It is slightly positively heteropycnotic.
Bar = 10 ym.

Additional file 22: Fig. $17. Sex chromosomes of smeringopines with
multiple X chromosomes. Stained by Giemsa. X = X chromosome, Xi = X
chromosome, X; = X; chromosome. (a, b) Hoplopholcus forskali (X,X;0). a
Diakinesis, composed of 13 bivalents and two X chromosomes, note the
end-to-end association of the X chromosomes. b Telophase I, half plate
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containing X chromosomes; (c-@) Smeringopus ndumo (X:1X:0). € Diaki-
nesis, comprising 13 bivalents and two X chromosomes. d Metaphase
I, containing X chromosomes (n = 15). @ Metaphase II, without the sex
chromosomes (n = 13); (f-h) S. pallidus (X:XX:0). f Diakinesis, composed
of 13 bivalents and three X chromosomes, sex chromosomes grouped in
the middle of the plate. g Metaphase Il with X chromosomes (n = 16). X
chromosomes are associated at the periphery of the plate. They exhibit a
slight positive heteropycnosis. h Metaphase I1, without sex chromosomes
(n=13). Bar = 10 ym.
Additional file 23: Fig. S18. Sex chromosomes of smeringopines with
the X0 system. Stained by Giemsa. X = X chromosome. (a, b) Crossopriza
Iyoni. a Metaphase | composed of 11 bivalents and X chromosome. b Ana-
phase |; (c, d) Holocnemus pluchei, ¢ Metaphase |, consisting of 13 bivalents
and an X chromosome. The X chromosome is placed at the periphery of
the plate. Note the association of terminal parts of the X chromosome
arms. d Metaphase I, including the X chromosome. This element is slightly
positively heteropycnotic; (e, f) Stygopholcus skotophilus. e Diplotene,
composed of 11 bivalents and an X chromosome, f Plate formed by two
fused sister metaphases Il, 2n = 23. Note the positively heteropycnotic X
chromosome. Bar = 10 pm.
Additional file 24: Eing!. 519, Pholciﬂae, male g(erwlme, behavioﬂr of
5€x Chromosomes pridr to meiosis. Arow = seX chromosomes, X = X
chromosome, X =X chromosome, Y =Y chromosome, (a,b) 1+ 1
2 Muruta
tambunan (XX,Y), mitotic metaphase, chromosomes X,, X;, and ¥
positively heteropycnotic. Chromosomes X; and Y are approximately of
the same size. a Sex chromosomes grouped in the middle of the plate. b
Chromosomes X; and X; associated in parallel, Y chromosome released
from the association; ¢ Artema nephilit (X:X:Y), early mitotic metaphase,
X chromosomes are marked by a dotted line. They are associated in
parallel in the middle of the plate. Their condensation is slightly delayed in
comparison with the other chromasomes; d Hoplophoicus cecconii (X1X20),
transition from mitotic metaphase to anaphase. Chromosome X is placed
in the middle of the plate; (e, f) Pholcus kindia (X:X2Y). @ Premeiotic inter-
phase. X chromosomes pair in parallel in the middle of the nucleus. The ¥
chromosome does not take part in pairing. f Preleptotene. Sex chromo-
somes are associated in the middle of the nucleus, the Y chromosome is

more condensed than the X chromosomes. Bar = 10 pm.

Additional file 25: Fig. 520. Pholcidae, male meiosis, condensation and
SEAEEPHN f S5 SILBRRETE MRS 24 ek mne. o
Pholcus kindia (XiX;Y), early diplotene. Y chromosome highly condensed.
In contrast, X chromosomes almost decondensed; b Hoplopholcus cecconii
(X1X20), late anaphase |. X chromosomes are arranged in parallel and less
condensed than the other chromosomes. Moreover, their segregation and
separation of their chromatids are delayed. Centromeres of sex chromo-
somes are formed by a prominent knob; ¢ Cantikus sabah (X0), diplotene.
Sex chromosome forms a highly condensed body; d Hoplopholcus forskali
(XiX20), plate formed by fusion of 1) two sister late prometaphases Il (left)
and 2) two sister early prometaphases Il (right). In contrast to autosomes,
sex chromosomes differ considerably by condensation in early and late
prometaphase Il. They are almost decondensed during early prometa-
phase Il (right); e Holocneminus sp. (X0), plate formed by two sister
prometaphases |l, sex chromosome forms a highly condensed bady; f
Micropholcus fauroti (X0), two fused sister metaphases Il. Sex chromosome
shows precocious division; g Aetana kinabalu (X:XzY), |ate metaphase

I, division of X chromosomes is delayed; h Phoicus sp. (XiXzY), two half-
plates of anaphase Il containing positively heteropycnotic Y chromosome
in the middle; i Psilochorus simoni (X0), two sister anaphases II. Segregation
of X chromosome delayed. This element is slightly positively heteropyc-
notic at right anaphase II. Bar = 10 ym.

Additional file 26: Fig. S21. Arteminae, Wugigarra sp., male meiosis,
behaviour of sex chromosomes. X = X chromosome, Y = Y chromosome,
Il = bivalent containing two chiasmata. a Metaphase |, three bivalents
include two chiasmata. Pairing of metacentric chromosomes X and Y is
ensured by ends of their arms. b Two sister metaphases Il (separated by
dashed line). While X chromosome is placed at the periphery of one plate,
Y chromosome is in middle of another plate. Note positive heteropycnosis
of sex chromosomes. Bar = 10 ym.
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Additional file 27: Fig. $22. Pholcus sp. (X:X2Y), testes, endopolyploid

nucleus. Heterochromatic body in the middle of the nucleus is formed by
sex chromosomes (arrow). Inset: a standard diploid nucleus. Bar = 5 pm.
Additional file 28: Appendix S1. Evolution of particular chromasomes of

the pholcid X, X;Y system.

Additional file 29: Fig, $23. Arteminae, Modisiminae, and Ninetinae:
characters of NORs and sex chromosomes mapped on a cladogram. Based
on the most recent molecular phylogeny of Pholcidae [20, 21]. Standard
continuous lines: low bootstrapping branch support, i.e. < 70%; thick
continuous lines: modest to full support of hypotheses, = 70% [21]; dis-
continuous lines: taxa not included in molecular phylogeny - phylogenetic
position is based on cytogenetic data (dashed lines) or unresolved (dotted
lines). Number above mark: number of character; number below mark:
character state. Full marks: characters without homoplasy; empty marks:
homoplasic characters. In some species, data on some characters are
missing (information in square brackets). The reconstruction of karyotype
evolution is based on our data, except for taxa marked by the formula RX
(see reference X for information). See Methods (pp. 32-33) for the coding
of characters.

Additional file 30: Fig. 524. Smeringopinae: karyotype characters
mapped on a cladogram. Based on the most recent molecular phylog-
eny of Pholcidae [20, 21]. Standard continuous lines: low bootstrapping
branch support, i.e. < 70%; thick continuous lines: modest to full support

of hypotheses, = 70% [21]; discontinuous lines: taxa not included in
molecular phylogeny - phylogenetic position is based on other sources
[79] and/or on cytogenetic data (dashed lines) or unresolved (dotted
lines). Number above mark: number of character; number below mark:
character state. Full marks: characters without homoplasy; empty marks:
homoplasic characters. In some species, data on some characters are
missing (information in square brackets). The reconstruction of karyotype
evolution is based on our data, except for taxa marked by the formula (RX)
(some information taken from reference X). See Methods (pp. 32-33) for
coding of the characters.

Additional file 31: Fig. $25. Pholcinae: characters of NORs and sex
chromosomes mapped on a cladogram. Based on the most recent
molecular phylogeny of Pholcidae [20, 21]. Standard continuous lines: low
bootstrapping branch support, i.e. < 70%; thick continuous lines: modest
to full support of hypotheses, = 70% [21]; dashed lines: taxa not included
in molecular phylogeny - phylogenetic position is based on cytogenetic
data. Number above mark: number of character; number below mark:
character state. Full marks: characters without homoplasy; empty marks:
homoplasic characters. In some species, data on some characters are
missing (information in square brackets). The reconstruction of karyotype
evolution is based on our data, except for taxa marked by the formula RX
(see reference X for information). See Methods (pp. 32-33) for coding of
the characters.

Additional file 32: Table S6. Species studied, their instar, sex, collect-
ing data and depositories. Abbreviations: AM = Australian Museumn,
Sydney, Australia (specimen KS 128687), Co. = county, Hwy = highway,
Isl. = island, m = male, Mts. = mountains, N = north, N.P. = national
park, NW = northwest, 5 = south, SL = specimens lost or discarded,
sm = subadult male, W = west, ZFMK = Zoological Research Museum
Alexander Koenig.
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Supplementary Information

Evolutionary pattern of karyotypes and meiosis in pholcid spiders (Araneae: Pholcidae):
implications for reconstructing chromosome evolution of araneomorph spiders.
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Additional file 3: Fig. S1. Arteminae, Artema atlanta, male karyotype, stained by
Giemsa. Based on two sister metaphases II. Chromosomes metacentric, except for four

submetacentric pairs (nos 1, 6, 9, 12) and subtelocentric X» chromosome. Note low
condensation of X chromosomes. Bar = 10 pm.
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Additional file 4: Fig. S2. Sex chromosomes of artemines with the X;X,Y and XY
systems. Stained by Giemsa. X; = X; chromosome, X> = X, chromosome, Y = Y
chromosome. (a—c) Artema atlanta (X1X2Y). a Metaphase I, composed of 15 bivalents
and sex chromosome trivalent. b Metaphase II, with chromosomes X; and X> at the
periphery of the plate. ¢ Metaphase II with Y chromosome. (d—f) Wugigarra sp. d
Metaphase I, consisting of seven bivalents and a XY pair. e Metaphase II containing a
positively heteropycnotic X chromosome (n = 8). f Metaphase II, containing a Y
chromosome (n = 8). Bar = 10 um.
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Additional file 5: Fig. S3. Sex chromosomes of artemines with the X0 system. Stained
by Giemsa. X = X chromosome. (a, b) Chisosa diluta. a Metaphase I, consisting of six
bivalents and a peripheral X chromosome. b Group of metaphases Il separated by lines.
It consists of one metaphase containing a positively heteropycnotic X chromosome (n =
7, in the middle of the plate) and two metaphases without sex chromosome (left
metaphase is incomplete); (c, d) Holocneminus sp. ¢ Metaphase I, comprising seven
bivalents and peripheral X chromosome. d Two sister metaphases Il separated by a line
(n = 8 including X chromosome + n = 7); (e, f) Physocyclus dugesi. e Diplotene,
comprising seven bivalents and peripheral X chromosome. f Anaphase II. Note slight
positive heteropycnosis of X chromosome. Bar = 10 um.
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Additional file 6: Fig. S4. Arteminae, males, detection of NORs (FISH). Arrowhead =
NOR-bearing chromosome (b, c) or bivalent (a, d), X = X chromosome, Y =Y
chromosome. (a, b) Artema atlanta (X1X2Y). a Metaphase I, note NOR-bearing bivalent.
b Two fused sister metaphases II, one pair of submetacentric chromosomes bears a
terminal NOR; ¢ Wugigarra sp. (XY), two fused sister metaphases II. Note chromosomes
of a subtelocentric pair bearing terminal NOR at the end of short arm; d Chisosa diluta
(XO0), diffuse stage, one bivalent includes a NOR. Bar = 10 um.
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Additional file 8: Fig. S5. Sex chromosome systems of modisimines. Stained by Giemsa.
X =X chromosome. (a—) Anopsicus sp. (X0) a metaphase I, consisting of eight bivalents
and peripheral X chromosome. b Metaphase II, including X chromosome (n = 9). c
Metaphase II, without X chromosome (n = 8); (d, €) Modisimus cf. elongatus (X0). d
Diplotene, comprising eight bivalents and a peripheral X chromosome. e Two sister
metaphases Il separated by a line (n = 8 + n =9, including peripheral X chromosome); (f,
g) Psilochorus pallidulus (XO0). f Diplotene, comprising eight bivalents and peripheral X
chromosome. g Two sister metaphases II (n =9, including X chromosome + n = §). Bar
=10 pm.
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Additional file 9: Fig. S6. Psilochorus (Modisiminae), male karyotypes, stained by
Giemsa. Sex chromosome is the longest element of the karyotype. a Psilochorus
californiae. Karyotype metacentric, except for two submetacentric (nos 2, 7) and one
subtelocentric pairs (no. 5). Based on spermatogonial metaphase, centromeres marked by

arrowheads; b P. pallidulus. Chromosomes metacentric. Based on two sister metaphases
IT. Bar = 10 pm.
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Additional file10: Fig. S7. Sex chromosome systems of ninetines. Stained by Giemsa.
Figures a and b contain a scheme of the multivalent. M = sex chromosome multivalent,
O = overlapping of two bivalents, X = X chromosome, X; = X; chromosome, X, = X»
chromosome, Y =Y chromosome. (a, b) Kambiwa neotropica (X1X2X3X4Y), plates of
the first meiotic division consisting of 12 bivalents plus a sex chromosome multivalent
consisting of four “arms”. Two “arms” are thick (red) and two are thin (orange). a
Diakinesis. b Metaphase I. Note cross-shaped morphology of multivalent; (c, d)
Pholcophora americana (Xi1X2Y). ¢ Diakinesis, comprising 13 bivalents and sex
chromosomes Xi, Xo, and Y. Sex chromosomes show end-to-end paring. d Two sister
metaphases II separated by a line (n = 15, including chromosomes X; and X; + n = 14
including Y microchromosome). Bar = 10 pm.
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Additional file 11: Fig. S8. Cytogenetics of ninetines (a—c) and pholcines (d—i), male
germline. Figures d, f, i contain scheme of sex chromosome trivalent X;X>Y. B = large
bivalent, H = large bivalent exhibiting positive heteropycnosis, mon = monoarmed X
chromosome, T = sex chromosome trivalent, X = X chromosome, X; = X chromosome,
X2 = X5 chromosome, Y =Y chromosome. (a—c) Kambiwa neotropica (X1X2X3X4Y). a
Spermatogonial metaphase (2n = 29). Chromosomes are biarmed, except for two
monoarmed chromosomes. b Metaphase II, consisting of 12 chromosomes and cluster of
four positively heteropycnotic X chromosomes. ¢ Metaphase II, formed by 12
chromosomes and a Y microchromosome; d Aetana kinabalu (X1X2Y), incomplete
metaphase I. Sex chromosomes pair by ends of their arms, X chromosomes are positively
heteropycnotic; (e, f) Metagonia sp. (X1X2Y), late prophase 1. Note low chromosome
condensation. e Diplotene. Plate consists of eight bivalents and almost decondensed sex
chromosomes. f Diakinesis, note the X;X,Y trivalent, Y chromosome more condensed
than X chromosomes; (g, h) Pehrforsskalia conopyga (X1X2Y). g Early diplotene. Note
sex chromosomes forming a compact positively heteropycnotic body and large positively
heteropycnotic bivalent. h Metaphase I, formed by seven bivalents and sex chromosome
trivalent. Two bivalents (B) are much longer than the remaining ones. Note tiny Y
chromosome; 1 Pholcus bamboutos (X1X2Y), transition from metaphase to anaphase 1.
Note the delayed separation of sex chromosomes. Only one end of the X> chromosome
takes part in pairing. The Y chromosome is positively heteropycnotic. Bar = 10 pm.
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Additional file 13: Fig. S9. Sex chromosomes of pholcines with the X1X>Y system, part
I. Stained by Giemsa. Figures a, d, e contain a scheme of the sex chromosome trivalent.
X1 = Xj chromosome, X; = X> chromosome, Y = Y chromosome, PS = precocious
separation of chromosomes of the bivalent. (a—c) Aetana kinabalu. a Metaphase I,
comprising 11 bivalents (one bivalent shows a precocious separation of chromosomes)
and a sex chromosome trivalent. X chromosomes are positively heteropycnotic. b
Metaphase II, containing X chromosomes (n = 12). ¢ Transition metaphase Il/anaphase
I, fusion of two sister plates. Note X chromosomes exhibiting a delayed separation of
chromatids and a Y microchromosome; (d—f) Nipisa deelemanae. d Metaphase I,
comprising 11 bivalents and sex chromosome trivalent. e Part of a plate formed by several
fused metaphases I, sex chromosome trivalent encircled. f Two sister metaphases II
separated by a line (n = 12, including Y microchromosome + n = 13 including metacentric
chromosomes X; and X»). Note the reduction of the X, chromosome. Bar = 10 um.
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Additional file14: Fig. S10. Sex chromosomes of pholcines with the X;X>Y system, part
II. Stained by Giemsa. Figures a, b contain a scheme of the sex chromosome trivalent. T
= trivalent, X; = X; chromosome, X» = X> chromosome, Y = Y chromosome. (a—d)
Leptopholcus guineensis. a Early diplotene, consisting of seven bivalents and a sex
chromosome trivalent, X chromosomes exhibit a low condensation. b Two fused
diplotene. ¢ Metaphase II, including X chromosomes (n = 9). X; chromosome is
positively heteropycnotic. d Metaphase II, including a Y chromosome (n = 8); (e, f)
Metagonia sp. e Spermatogonial metaphase, note the Y microchromosome. f Diplotene,
note the positively heteropycnotic body formed by the sex chromosomes. Bar = 10 um.
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Additional filel5: Fig. S11. Sex chromosomes of pholcines with the X;X>Y system, part
III. Stained by Giemsa. Figures a, c, e contain a scheme of the sex chromosome trivalent.
¢ = centromere, X| = X; chromosome, X> = X, chromosome, Y =Y chromosome. (a, b)
Muruta tambunan. a Diakinesis, consisting of 11 bivalents and a sex chromosome
trivalent. b Two sister metaphases Il separated by a line (n = 12, including Y chromosome
+ n = 13 including chromosomes X; and X>). Note the metacentric X; chromosome and
submetacentric X> chromosome on the periphery of the plate. They exhibit positive
heteropycnosis; (c, d) Pholcus phalangioides. ¢ Diakinesis, comprising 11 bivalents and
a sex chromosome trivalent, which is placed in the middle of the plate and exhibits
positive heteropycnosis. Concerning the X»> chromosome, only end of the long arm is
involved in pairing. d Anaphase II. Note the positive heteropycnosis of the sex
chromosomes. The X chromosomes are associated; (e, f) Spermophora senoculata. e
Metaphase I, comprising 11 bivalents and a sex chromosome trivalent. f Metaphase 11, X
chromosomes are less condensed than the other chromosomes; (g, h) Quamtana hectori.
g Metaphase I, composed of 10 bivalents and a sex chromosome trivalent. Concerning
the Xo> chromosome, only one end is involved in pairing. h Two sister metaphases 11
separated by a line (n =11 including Y chromosome + n = 12 including chromosomes X
and X»). Bar = 10 pm.
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Additional file 16: Fig. S12. Pholcinae, male karyotypes, Giemsa staining. Based on
metaphase II (a) or two sister metaphases Il (b—d). a Aetana kinabalu, haploid set,
karyotype metacentric except for submetacentric X; chromosome and acrocentric
chromosome (no. 10), which is considerably reduced in comparison with preceding
chromosome. The Y chromosome is from another metaphase II. Morphology of the Y
chromosome is unresolved; b Pholcus pagbilao. Karyotype is metacentric except for three
submetacentric pairs (nos 5, 7, 10), submetacentric Y chromosome, and acrocentric X»; ¢
P. opilionoides, chromosomes metacentric except for five submetacentric pairs (nos 2—6)
and acrocentric X,. Chromosome X; is the longest chromosome of karyotype. On the
contrary, Y is the smallest one. Y chromosome is replaced by Y from another plate; d
Quamtana hectori. Karyotype metacentric, except for acrocentric X». Centromeres of sex
chromosomes marked by arrowheads. Bar = 10 um.
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Additional file 17: Fig. S13. Sex chromosomes of pholcines with the X0 system. Stained
by Giemsa. X = X chromosome. (a, b) Belisana sabah. a Metaphase I, consisting of 11
bivalents and a peripheral X chromosome. b Two sister metaphases II separated by a line
(n=11 +n =12, including a positively heteropycnotic X chromosome); (¢, d) Cantikus
sabah. ¢ Diplotene, comprising six bivalents and a positively heteropycnotic X
chromosome placed on the periphery of the plate. d Prometaphase II including the X
chromosome (n = 7); (e, f) Micropholcus fauroti. e Diplotene composed of four bivalents
and a positively heteropycnotic X chromosome placed on the periphery of the plate. f
Plate formed by fusion of two sister metaphases II. It includes a negatively heteropycnotic
X chromosome. Bar = 10 um.
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Additional file 18: Fig. S14. Pholcinae, males, detection of NORs (FISH). Figures c, e
contain a scheme of the sex chromosome trivalent X;X,Y (red = signal formed by several
NORs). Arrowhead = NOR-bearing chromosome (a, b, d, f~h), bivalent (c, ) or trivalent
(c, e), open arrowhead = sex chromosome-linked NOR, T = sex chromosome trivalent,
X = Xj chromosome, X> = X> chromosome, Y =Y chromosome, + = signal formed by
several NORs. a Micropholcus fauroti (X0), mitotic metaphase. Note association of two
homologous chromosomes containing terminal NOR (in — interphase nucleus); (b, c)
Nipisa deelemanae (X1X2Y). b Mitotic metaphase. X chromosomes (X1, X2) and another
chromosome (II) bear a terminal NOR at both ends. Five other chromosomes, including
Y chromosome, involves one terminal NOR only. The sex chromosomes X1 and X are
associated in parallel in the middle of the plate. b Metaphase I, note the three bivalents
bearing a NOR and the sex chromosome trivalent with a signal in the region of
chromosome pairing (see scheme); (d—f) Quamtana hectori (XiX2Y). d Mitotic
metaphase (separated by a line from another plate). X; chromosome bears two NORs,
each at opposite end of the chromosome. Chromosomes of two pairs also include a
terminal NOR; e Metaphase I, two bivalents contain NOR. The sex chromosome trivalent
contains a signal in region of chromosome pairing (see scheme). f Plate formed by fused
sister metaphases II, chromosomes of NOR-bearing pairs exhibit biarmed morphology.
The X1 chromosome is terminated by NOR at both ends. Y chromosome considerably
condensed, without signal; (g, h) Q. filmeri (X1X2Y), mitotic plates. The X; chromosome
bears two NORs, each at opposite end of chromosome. Chromosomes of one pair also
contain a terminal NOR. g Prophase, sex chromosomes exhibit a more intensive
fluorescence than the other chromosomes. h Metaphase. Bar =5 um except forc, e, g (10

um).
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Additional file 20: Fig. S15. Hoplopholcus and Smeringopus (Smeringopinae), male
karyotypes, stained by Giemsa. Based on metaphase II (a) or two sister metaphases II (b—
e). Autosome pairs decrease gradually in size. The X; is the longest element of the set
(except for d). Karyotypes are predominated by metacentrics. a H. labyrinthi, haploid set,
note the two submetacentric chromosomes (nos 5, 9), subtelocentric chromosome (no. 6)
and subtelocentric X, chromosome; b S. afomarius, note one submetacentric (no. 3) and
one acrocentric pairs (no. 13), and submetacentric X»; ¢ S. ndumo, note two
submetacentric pairs (nos 4, 11); d S. peregrinus, note three submetacentric (nos 1, 4, 6)
and one subtelocentric pairs (no. 12), and subtelocentric X». Sex chromosomes positively
heteropycnotic; e Smeringopus sp., note two submetacentric pairs (nos 1, 2), one
acrocentric pair (no. 10) and acrocentric X». Bar = 10 um.
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Additional file 21: Fig. S16. Crossopriza lyoni (Smeringopinae), male karyotype,
Giemsa staining. Based on two sister metaphases II. Karyotype metacentric, except for
submetacentric pairs nos 2 and 11. First two pairs differ from the other ones by large size.
The X chromosome is the longest chromosome of the set. It is slightly positively
heteropycnotic. Bar = 10 um.
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Additional file 22: Fig. S17. Sex chromosomes of smeringopines with multiple X
chromosomes. Stained by Giemsa. X = X chromosome, X; = X chromosome, X> = X»
chromosome. (a, b) Hoplopholcus forskali (X1X20). a Diakinesis, composed of 13
bivalents and two X chromosomes, note the end-to-end association of the X
chromosomes. b Telophase I, half plate containing X chromosomes; (c—e) Smeringopus
ndumo (X1X20). ¢ Diakinesis, comprising 13 bivalents and two X chromosomes. d
Metaphase II, containing X chromosomes (n = 15). e Metaphase II, without the sex
chromosomes (n = 13); (f=h) S. pallidus (X1X2X30). f Diakinesis, composed of 13
bivalents and three X chromosomes, sex chromosomes grouped in the middle of the plate.
g Metaphase II with X chromosomes (n = 16). X chromosomes are associated at the
periphery of the plate. They exhibit a slight positive heteropycnosis. h Metaphase 11,
without sex chromosomes (n = 13). Bar = 10 um.
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Additional file 23: Fig. S18. Sex chromosomes of smeringopines with the X0 system.
Stained by Giemsa. X = X chromosome. (a, b) Crossopriza lyoni. a Metaphase |
composed of 11 bivalents and X chromosome. b Anaphase I; (c, d) Holocnemus pluchei.
¢ Metaphase I, consisting of 13 bivalents and an X chromosome. The X chromosome is
placed at the periphery of the plate. Note the association of terminal parts of the X
chromosome arms. d Metaphase II, including the X chromosome. This element is slightly
positively heteropycnotic; (e, f) Stygopholcus skotophilus. e Diplotene, composed of 11
bivalents and an X chromosome. f Plate formed by two fused sister metaphases II, 2n =
23. Note the positively heteropycnotic X chromosome. Bar = 10 pm.
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Additional file 24: Fig. S19. Pholcidae, male germline, behaviour of sex chromosomes
prior to meiosis. Arrow = sex chromosomes, X; = X; chromosome, X, = X, chromosome,
Y =Y chromosome. (a, b) Muruta tambunan (X1X2Y), mitotic metaphase, chromosomes
X1, X2, and Y positively heteropycnotic. Chromosomes X» and Y are approximately of
the same size. a Sex chromosomes grouped in the middle of the plate. b Chromosomes
X1 and X associated in parallel, Y chromosome released from the association; ¢ Artema
nephilit (X1X2Y), early mitotic metaphase, X chromosomes are marked by a dotted line.
They are associated in parallel in the middle of the plate. Their condensation is slightly
delayed in comparison with the other chromosomes; d Hoplopholcus cecconii (X1X20),
transition from mitotic metaphase to anaphase. Chromosome X is placed in the middle
of the plate; (e, f) Pholcus kindia (X1X2Y). e Premeiotic interphase. X chromosomes pair
in parallel in the middle of the nucleus. The Y chromosome does not take part in pairing.
f Preleptotene. Sex chromosomes are associated in the middle of the nucleus, the Y
chromosome is more condensed than the X chromosomes. Bar = 10 um.
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Additional file 25: Fig. S20. Pholcidae, male meiosis, condensation and segregation of
sex chromosomes. X = X chromosome, Xs = X chromosomes, X; = X; chromosome, X»
= X3 chromosome, Y =Y chromosome. a Pholcus kindia (X1X2Y), early diplotene. Y
chromosome highly condensed. In contrast, X chromosomes almost decondensed; b
Hoplopholcus cecconii (X1X20), late anaphase I. X chromosomes are arranged in parallel
and less condensed than the other chromosomes. Moreover, their segregation and
separation of their chromatids are delayed. Centromeres of sex chromosomes are formed
by a prominent knob; ¢ Cantikus sabah (X0), diplotene. Sex chromosome forms a highly
condensed body; d Hoplopholcus forskali (X1X20), plate formed by fusion of 1) two sister
late prometaphases II (left) and 2) two sister early prometaphases II (right). In contrast to
autosomes, sex chromosomes differ considerably by condensation in early and late
prometaphase II. They are almost decondensed during early prometaphase II (right); e
Holocneminus sp. (X0), plate formed by two sister prometaphases II, sex chromosome
forms a highly condensed body; f Micropholcus fauroti (X0), two fused sister metaphases
II. Sex chromosome shows precocious division; g Aetana kinabalu (X1X2Y), late
metaphase I, division of X chromosomes is delayed; h Pholcus sp. (Xi1X2Y), two half-
plates of anaphase II containing positively heteropycnotic Y chromosome in the middle;
1 Psilochorus simoni (X0), two sister anaphases II. Segregation of X chromosome
delayed. This element is slightly positively heteropycnotic at right anaphase II. Bar = 10
pum.
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Additional file 26: Fig. S21. Arteminae, Wugigarra sp., male meiosis, behaviour of sex
chromosomes. X = X chromosome, Y =Y chromosome, II = bivalent containing two
chiasmata. a Metaphase I, three bivalents include two chiasmata. Pairing of metacentric
chromosomes X and Y is ensured by ends of their arms. b Two sister metaphases I
(separated by dashed line). While X chromosome is placed at the periphery of one plate,
Y chromosome is in middle of another plate. Note positive heteropycnosis of sex
chromosomes. Bar = 10 um.
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Additional file 27: Fig. S22. Pholcus sp. (X1X2Y), testes, endopolyploid nucleus.
Heterochromatic body in the middle of the nucleus is formed by sex chromosomes
(arrow). Inset: a standard diploid nucleus. Bar = 5 pm.
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Remaining electronical supplements of the paper are at the thesis supplements.
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This study is focused on the evolution of autosomes, sex chromosomes, NORs, and
meiosis in European clades of Pholcus, which is the most species-rich pholcid genus.
Eight species of Pholcus have been karyotyped before publication of this paper.
According to my results, karyotypes of European clades exhibit several characters
ancestral for Pholcus, namely the 2nd = 25, X XY, large size of Y chromosome, and
predomination of biarmed chromosomes. The most species exhibited a large acrocentric
chromosome pair bearing NOR at the end of long arm. Closely related species differ often
by morphology of one or several chromosome pairs. Sex chromosomes of the ancestral
pholcid X1X,Y system exhibited probably metacentric morphology. In Pholcus, X
chromosome has been changed into monoarmed one. Ancestral X;X>Y system contained
probably Y microchromosome. Size of Y chromosome increased considerably in Pholcus
ancestors.

The analysed species exihibited similar sex chromosome behavior in the male germline.
In early prophase I, sex chromosomes formed a body located on the periphery of the
nucleus. Similarly to the other haplogyne spiders analysed so far, male prophase of the
first meiotic division contained a specific period (between pachytene and diplotene),
which was characterised by a considerable decondensation of chromosome pairs, so-
called diffuse stage. On the contrary, sex chromosomes exhibited a hyperspitalisation
during diffuse stage; Y chromosome usually exhibited more intensive condensation than
X chromosomes.

The ancestral karyotype of the Pholcus contained probably three terminal NORs and three
X chromosome-linked loci, two at ends of X chromosome and one at the end of long arm
of X> chromosome. During male meiosis, NORs located on the sex chromosomes are
probably involved in achiasmatic pairing of sex chromosomes. In some European
members of Pholcus, number of autosome and sex-chromosome linked NORs has been

reduced during evolution. In the ancestor of Macaronesian clade, number of NORs has
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been reduced to one autosomal and one X-chromosome linked NOR. In the lineage from
Madeira and P. creticus from Crete, sex-chromosome linked NORs were lost. It is
probably an apomorphy of these clades.

In addition, our study revealed two cytotypes of the common synanthropic species P.
phalangioides (Madeiran and central European), which differ by their NOR pattern, and

morphology of one chromosome pair and X> chromosome.

My contribution: Preparation of the chromosomal slides. Detection of NORs by FISH.
Evaluation of preparations, analysis and interpretation of results. Preparation of

karyotypes, figures, and data tables. Writing of the manuscript and its revision.
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Abstract

Haplogyne arancomorphs are a diverse spider clade. Their karyotypes are usually predominated by biarmed
(i.e., metacentric and submetacentric) chromosomes and have a specific sex chromosome system, XIX.!Y'
These features are probably ancestral for haplogynes. Nucleolus organizer regions (NORs) spread fre-
quently from autosomes to sex chromosomes in these spiders. This study focuses on pholcids (Pholcidae),
a highly diverse haplogyne family. Despite considerable recent progress in pholcid cytogenetics, knowledge
on many clades remains insufficient including the most species-rich pholcid genus, Pholcus Walckenaer,
1805. To characterize the karyotype differentiation of Pholcus in Europe, we compared karyotypes, sex
chromosomes, NORs, and male meiosis of seven species [P alticeps Spassky, 1932; P creticus Sengler,
1971; P dentatus Wunderlich, 1995; P fuerteventurensis Wunderlich, 1992; P phalangioides (Fuesslin,
1775); P Dpilimmidex (Schrank, 1781); P silvai Wunderlich, 1995] representing the dominant species
groups in this region. The species studied show several features ancestral for Pholcus, namely the 2nd = 25,
the X X, Y system, and a karyotype predominated by biarmed chromosomes. Most taxa have a large acro-

centric NOR—bearing pair, which evolved from a biarmed pair by a pericentric inversion. In some lineages,
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the acrocentric pair reverted to biarmed. Closely related species often differ in the morphology of some
chromosome pairs, probably resulting from pericentric inversions and/or translocations. Such rearrange-
ments have been implicated in the formation of reproductive barriers. While the X, and Y chromosomes
retain their ancestral metacentric morphology, the X, chromosome shows a derived (acrocentric or sub-
telocentric) morphology. Pairing of this element is usually modified during male meiosis. NOR parterns
are very diverse. The ancestral karyotype of Pholcus contained five or six terminal NORs including three
X chromosome-linked loci. The number of NORs has been frequently reduced during evolution. In the
Macaronesian clade, there is only a single NOR-bearing pair. Sex chromosome-linked NORs are lost in
Madeiran species and in P cresicus. Our study revealed two cytotypes in the synanthropic species P phalan-
givides (Madeiran and Czech), which differ by their NOR pattern and chromosome morphology. In the

Czech cytotype, the large acrocentric pair was transformed into a biarmed pair by pericentric inversion.
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Introduction

Spiders exhibit an enormous species diversity, paralleled by high karyotype diversi-
ty. However, despite considerable recent progress (e.g., Kral et al. 2006, 2013, 2019;
Araujo et al. 2012; Kotinkova and Kral 2013; Avila Herrera et al. 2021), our knowl-
edge of spider cytogenetics is still fragmentary. Most data on spider chromosomes
concern entelegyne arancomorphs, which include the large majority of the described
spider species. The cytogenetics of the other clades (mesotheles, mygalomorphs, haplo-
gyne araneomorphs) is much less understood (Kofinkovd and Krdl 2013; Avila Herrera
et al. 2021).

Haplogyne arancomorphs (“haplogynes”) consist of the Synspermiata clade and
two families, Filistatidae and Hypochilidae (Wheeler et al. 2017; Shao and Li 2018).
Haplogynes currently include more than 6150 described species placed in 20 families
(based on data of World Spider Catalog 2022). Haplogynes exhibit a considerable
karyotype diversity. Their diploid numbers range from 2n = 5 (Afyilobus sp., Orsolo-
bidae) to 2n = 152 (Caponia natalensis O. Pickard-Cambridge, 1874, Caponiidae),
which are the lowest and highest diploid numbers in spiders, respectively (Krdl et al.
2019). Their karyotypes are composed of monocentric (i.e., standard) chromosomes
except for the superfamily Dysderoidea whose chromosomes are holokinetic (holocen-
tric) (Kral er al. 2019). Holokinetic chromosomes lack a localized centromere (Mola
and Papeschi 2006). Karyotypes of haplogynes with monocentric chromosomes are
usually predominated by biarmed (i.e., metacentric and submetacentric) chromosomes
(Kral et al. 2006; Avila Herrera et al. 2021). Furthermore, the prophase of the male
first meiotic division includes the so-called diffuse stage (Kofinkova and Kral 2013),
characterized by a considerable decondensation of autosomes and overcondensation
of sex chromosomes (Benavente and Wettstein 1980; Kral et al. 2006; Avila Herrera
etal. 2021). Haplogynes exhibit a variety of sex chromosome systems. Male sex chro-
mosomes include one or several elements that do not recombine during meiosis and
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are presumably nonhomologous. The peculiar X XY system has been found in seven
families (Kral et al. 2006, 2019; Avila Herrera et al. 2016, 2021; Paula-Neto et al.
2017; Araujo et al. 2020). It is probably ancestral for araneomorph spiders including
haplogynes (Paula-Neto et al. 2017; Avila Herrera et al. 2021). The ancestral structure
of the X X)Y system probably comprises two large metacentric X chromosomes and
a metacentric Y microchromosome, which display a specific achiasmatic end-to-end
pairing during male meiosis (Avila Herrera et al. 2021). 'The origin of the X XY sys-
tem is unresolved. In some clades, it has converted into other sex chromosome systems
(Kral et al. 2006, 2019; Avila Herrera et al. 2016, 2021). Besides non-recombining
elements, spider sex chromosomes probably also contain a chromosome pair formed
by the chromosomes X and Y, which recombine and show a very low level of differen-
tiation (cryptic sex chromosome pair, CSCP) (Kofinkovd and Krdl 2013). Haplogynes
also vary greatly in the number and location of nucleolus organizer regions (NORs)
(Kral et al. 2006; Avila Herrera et al. 2021). These structures contain genes for 188S,
5.85 and 285 rRNA (Sumner 2003). The number of NORs ranges from one to nine;
their position is usually terminal; and they spread frequently from autosomes to sex
chromosomes (Krdl et al. 2006; Avila Herrera et al. 2021).

‘The present study focuses on the cytogenetics of pholcid spiders (Pholcidae), the
most diversified haplogyne family with monocentric chromosomes. This family currently
comprises almost 1900 described species in 97 genera (World Spider Catalog 2022).
Pholcids occur on all continents except Antarctica. Most species inhabit tropical and
subtropical regions; some species are synanthropic (Huber 2011). From a cytogenetic
point of view, pholcids are the best-explored group of haplogynes. A total of 64 species
have been karyotyped, including 11 species determined to genus level only (based on The
Spider Cytogenetic Database 2022). Despite this, our knowledge on karyotype evolu-
tion remains insufficient for many pholcid clades, including the most species-rich genus,
Pholeus Walckenaer, 1805 (with currently more than 350 species; World Spider Catalog
2022). To reduce this gap, we studied the differentiation ofkaryotype, sex chromosomes,
and NORs as well as the course of male meiosis in the dominant species groups of Pholcus
present in mainland Europe, Crete, and Macaronesia. Nucleolus organizer regions have
previously been studied in few spider species. More comprehensive data on the evolution
of these structures are only available from pholcids (Avila Herrera et al. 2021).

We paid specific attention to the Macaronesian clade of Pholcus. Macaronesia con-
sists of five volcanic archipe]agos in the Atlantic Ocean, west of the Iberian Peninsula
and northwestern Africa. Pholeus is among the most species-rich genera of Macaron-
esian spiders. The Macaronesian clade currently includes more than 20 described spe-
cies that are largely restricted to the Canaries and Madeira (Dimitrov and Ribera 2007;
Dimitrov et al. 2008; Huber 2011). This clade exhibits an enormous diversification
rate, among the highest found in spiders (Dimitrov et al. 2008).

Our aim is to determine the fundamental traits of karyotype evolution in Europe-
an clades of Pholcus. Based on our new findings and on previously published data, we
explore the congruence of individual karyotype markers with published phylogenies
and discuss the possible evolutionary implications of karyotype transformations.
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Material and methods
Spider specimens

Information on the studied species (number of analyzed specimens, their sex, and
locality data) is given in Table 1. Voucher specimens are deposited in the Zoological
Research Museum Alexander Koenig, Bonn (Germany).

Table 1. Species studied, with specimen number, sex, and geographic origin. Abbreviation: sad = subadult.

Taxon Individuals Locality GPS Coordinates
(Latitude, Longitude)

P crypticolensiopilionoides species group

P creticus 44 Greece, Crete, Topolia, Topolia cave 35.4119, 23.6817
28 Greece, Crete, Stavros, Lera cave 35.5908, 24.1023

P api/ianoidfj 4/7? Czech chublic, Veseli nad Luznici 49.15006, 14.6930

P phalangivides species group

P alticeps 83 Czech Republic, Chomutov 50.4527, 13.4166

P phalangioides 13 Portugal, Madeira, Santana 32.8043, -16.8855

Macaronesian speciés group

P, fuerteventurensis 24 Spain, Canariens, Fuerteventura, Giniginamar ~ 28.2024, -14.0734

P dentatus 1sad &, 14 Portugal, Madeira, Achadas da Cruz 32.8390, -17.1907

P silvai 28 Portugal, Madeira, Levada das 25 fontes 32.7611,-17.1374

Preparation of chromosomes, determination of karyotype

Chromosome preparations were obtained from testes of adult males by a modification
of the spreading technique described by Dolejs et al. (2011). The gonads were dis-
sected and immersed into a hypotonic solution (0.075M KCI) for 20-25 min at room
temperature (RT). Hypotonization was followed by two fixations in ethanol:acetic acid
(3:1) for 10 and 20 min (RT), respectively. Subsequently, tissue was placed in a drop of
60% acetic acid on a clean slide and quickly shredded with a pair of tungsten needles
to obtain a cell suspension. Finally, the slide was placed on a warm (40 °C) histologi-
cal plate. The drop of dispersed tissue evaporated while being moved constantly by
a tungsten needle. Slides were stained using 5% Giemsa solution in Sérensen buffer
(pH 6.8) for 28 min (RT). They were studied under an Olympus BX 50 microscope
equipped with DP 71 CCD camera (Olympus, Tokyo, Japan). To construct the karyo-
type, the morphology of metaphase II chromosomes was analyzed. Sister metaphases
IT (5 plates) were evaluated using the IMAGE TOOL 3.0 software (https://imagetool.
software.informer.com/3.0/). Relative chromosome length was estimated as a percent-
age of the total chromosome length of the haploid set (TCL). This set also included
sex chromosomes X , X, and Y. Karyotypes were assembled using the COREL PHO-
TO PAINT X3 programme. Determination of the sex chromosome system was based
on data from male meiosis (segregation of sex chromosomes and their behavior in
prophasc and mctaphase I). The Xz and Y chromosomes were similar in size. Therefore,
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we used a paired samples Wilcoxon test to analyse their size difference. It was impossi-
ble to distinguish the CSCP from autosomes by light microscopy. Therefore, the CSCP
and autosomes are referred to collectively as chromosome pairs.

Detection of nucleolus organizer regions (NORs)

The NOR pattern was determined by fluorescent in situ hybridisation (FISH) with a 185
rDNA probe from Dysdera erythrina (Walckenaer, 1802) (Dysderidae) (see Avila Herrera
et al. 2021 for details of probe). Whereas the previously common method of NOR-
detection by silver staining only visualizes NOR sites transcribed during the preceding
interphase (Miller et al. 1976), NOR detection by a rDNA probe gives more accurate re-
sults. The probe was generated following Sadilek et al. (2015). The 18S rRNA gene frag-
ment was amplified by polymerase chain reaction (PCR) from genomic DNA using for-
ward and reverse primers 5-CGAGCGCTTTTATTAGACCA-3" and 5'-GGTTCAC-
CTACGGAAACCTT-3", respectively. The PCR product was extracted using the Wizard
SV Gel and PCR Clean-Up System (Promega), re-amplified by PCR, and labeled with
biotin-14-dUTP by nick translation using a Nick Translation Kit (Abbott Molecular).
FISH was performed with the biotinylated 18S rDNA probe as described by Fukovd
etal. (2005). Chromosome preparations were pre-treated with 100 pg/ml RNase A in 2x
saline-sodium citrate (SSC) buffer (1 h, 37 °C). Chromosomes were denatured (3 min
30 s, 68 °C) by 70% formamide in 2xSSC. The probe mixture contained 20 ng of 185
rDNA and 25 pg of salmon sperm DNA (Sigma-Aldrich, Burlington, MA, USA) in S pl
0f 50% formamide and 5 pl of 20% dextran sulphate per slide. Biotin labelled 185 rDNA
was detected with Cy3-streptavidin (Jackson ImmunoRes. Labs Inc., West Grove, PA,
USA), with signal amplification by biotinylated antistreptavidin and Cy3-streptavidin
(Vector Labs Inc., Burlingame, CA, USA). The preparations were counterstained with
Fluoroshield containing 4',6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, Burl-
ington, MA, USA). Considering the sensitivity of pholcid chromosomes to denaturation,
two procedures were used to reduce this process. First, the slides were placed in an incuba-
tor for 1 hour (60 °C) before the experiment. Second, denaturation time was reduced (3
min). Preparations were observed under the Olympus IX81 microscope (Olympus, To-
kyo, Japan) equipped with an ORCA-AG monochromatic camera (Hamamatsu, Hama-
matsu, Japan). The images were pseudocolored (red for Cy3 and light green for DAPI)
with Cell*R software (Olympus Soft Imaging Solutions GmbH, Miinster, Germany).

Results

Karyotype data

The male karyotype of all species studied had 25 predominantly metacentric chromo-
somes and the X XY system (2nd =25, X, X,Y). The X, was the longest element of the
set. Chromosomes X and Y were medium-sized elements of similar size. Chromosome

pairs decreased gradl{ally in length (Suppl. material 1).
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Pholcus crypticolens/ opilionoides species group

The chromosome pairs of the males of 22 creticus comprised five metacentric (nos 1,
5-8), four submetacentric (nos 2,4,9,10), one subtelocentric (no. 11), and one acro-
centric pair (no. 3). Sex chromosomes were metacentric except for the acrocentric X,
(Fig. 1A). Lenghts of the X, and Y chromosomes differed significantly (paired samples
Wilcoxon test, W =0, P < 0.001). The Y chromosome was longcr than the X, (Supp[.
material 1). This species had two chromosome pairs with a terminal NOR each (Fig.
2C). The morphology of these pairs is unresolved.
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Figure 1./ holcus, n:yprirn[emfapi/iaf.r{)m'm‘ and p[w&mgfaidm‘ groups, male karyor}fpes (A=C stained by
Giemsa D FISH). Based on sister metaphases I1 A P ereticus B P alticeps €, D P phalangioides (Madeira)
C standard karyotype D karyotype, detection of NORs. Prepared from the same plate as the standard
karyotype. Note four chromosome pairs with terminal NOR (nos 4,7,10,11) and the X, chromosome
with NOR at both ends. Pairs nos. 7, 10, and 11 are biarmed, pair no. 4 is acrocentric. NORs are localized

at the long arm of these pairs. Scale bars: 10 pm.
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The chromosomes of the males of 2 Upi/ionﬂidfs exhibited the same morphology as
in populations studied previously (Avila Herrera et al. 2021). They were metacentric
except for five submetacentric chromosome pairs (nos 2-6) and an acrocentric X,
chromosome. The lengths of the % and Y chromosomes differed significantly (paired
samples Wilcoxon test, W = 0, P < 0.001). The Y was shorter than the X,. We succeed-
ed in determining the NOR pattern in one specimen. The karyotype contained three
biarmed chromosome pairs bearing a terminal NOR each. One pair was heterozygous
for a NOR cluster. Furthermore, a small NOR was also detected at each end of the X,
chromosome (Fig. 2A, B).

Pholcus phalangioides species group

The male karyotype of P alticeps consisted of metacentric chromosomes except for
three submetacentric (nos 1,6,9), one subtelocentric (no. 5), and one acrocentric (no.
3) chromosome pairs as well as the acrocentric X, chromosome (Fig. 1B). The lengths
of the X, and Y chromosomes did not differ significantly (paired samples Wilcoxon
test, W =1, 0.10 < P < 0.20). The karyorypc: included two chromosome pairs with a
terminal NOR locus each. While one NOR-bearing pair was formed by small biarmed
chromosomes, the other one consisted of large acrocentric chromosomes with a NOR
at thf: End Of [hc long arm. Thf: karyotype Contai[lf:d thrf:f: terminﬂ.‘ SE€X CthmOSOmC‘
linked NORs (two on the X, chromosome and one at the end of the long arm of the
X, chromosome) (Fig. 2D, E).

The karyotype of the single male of 2 phalangioides from Madeira consisted of
metacentric chromosomes except for two submetacentric (nos 8 and 11) and one acro-
centric pair (no. 4) as well as a subtelocentric X, (Fig. 1C). The lengths of the X, and Y
chromosomes did not differ significantly (paired samples Wilcoxon test, W = 2, 0.10 <
P < 0.20). Three biarmed (nos 7,10,11) and one acrocentric chromosome pairs (no. 4)
contained a terminal NOR each, which was placed at the end of the long arm. Beside
this, a NOR was also found at each end of the X, chromosome (Figs 1D, 2F G).

Macaronesian species group

The karyotype of P fuerteventurensis from the Canaries was composed of metacentric
chromosomes except for one submetacentric (no. 1) and one acrocentric pair (no. 5)
as well as an acrocentric X, chromosome (Fig. 3A). The lengths of the X, and Y chro-
mosomes did not differ significantly (paired samples Wilcoxon test, W = 5, P > 0.2).
P fuerteventurensis had a single large acrocentric NOR-bearing pair containing a NOR
at the end of the long arm. A NOR was also placed at the end of the long arm of the
X, chromosome (Fig. 4A-C).

In P dentatus from Madeira, the chromosome pairs were metacentric except for
two submetacentric (nos 7 and 11) and one acrocentric pair (no. 3). The sex chro-
mosomes had a metacentric morphology except for the acrocentric X, (Fig. 3B). The
lengths of the X, and Y chromosomes differed significantly (paired samples Wilcoxon
test, W = 0, P < 0.001). The X, was longer than the Y (Suppl. material 1).
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The chromosome complement of the second Madeiran species, 2 sifvai, had meta-
centric chromosomes except for one submetacentric (no. 8), one subtelocentric (no. 10),
one acrocentric pair (no. 4), and an acrocentric X, chromosome (Fig. 3C). The lengths
of the X, and Y chromosomes differed significantly (paired samples Wilcoxon test, W =
0, P < 0.001). The Y was larger than the X, chromosome (Suppl. marerial 1).

Both Madeiran species showed the same NOR pattern, namely a single locus at the
end of the long arm of the acrocentric pair (Fig. 4D-I).

Sex chromosome behavior in male germline

In general, the behavior of the sex chromosomes was characterized by positive heteropyc-
nosis (i.e., more intensive staining) and association (i.e. close proximity of chromosomes
without pairing) which transformed into pairing in some phases. The specific behavior of
sex chromosomes was initiated as Early asin spermatogonial mitosis. Sex chromosomes of-
ten exhibited positive heteropycnosis and a loose association in spermatogonial prophases,
metaphases, and anaphases (Fig. 5A, B). During metaphase (Fig. 5A) as well as on anaphase
half-plates (Fig. 5B), they were often placed in the middle of the plates. They remained
overcondensed and positively heteropycnotic during premeiotic interphase, early prophase
I (leptotene-pachytene), and diffuse stage. During this period, they often formed a body
on the periphery of the plate (Fig. 5C, D). Bivalents were fuzzy and spherical during the
early diffuse stage (Fig. 5C). However, towards the end of the diffuse stage, they showed
chiasmata and their morphology was similar to that found during late prophase I (Fig.
5D). During late prophase I (diplotene-diakinesis) and metaphase I, the condensation of

Figure 2. Pholcus, rryptimlfmfapiliarmz'a'f: and}lbﬁl{tﬂgﬁaides groups, males, NOR detection A=E, G FISH
F Giemsa staining A, B 2 gpilionoides A diplotene. Three bivalents contain NOR. There is also a signal on
the sex chromosome trivalent. Y chromosome overcondensed. Note the scheme of sex chromosome pair-
ing and scheme of the plate (particular elements separated by a dotted line) B two fused sister metaphases
II. NDtE the [Crﬂlina_l Sigﬂﬂl on EVE biarmed elemﬂn[s belollging to ChromDSOmf_‘ Pﬂirs. Odd numbﬁf Of
chromosomes with signal suggests that NOR locus of one chromosome pair is heterozygous for NOR
cluster. The X, chromosome includes NOR at both ends € P ereticus, mitotic metaphase. Two chromo-
some pairs contain a terminal NOR. Y chromosome overcondensed. On the right side: scheme of the plate
(particular chromosomes marked by a line). Inset: metaphase I, sex chromosome trivalent (without signal).
Note the scheme of sex chromosome pairing D, E P alticeps D metaphase 1. Two bivalents contain NOR.
There is also signal on the sex chromosome trivalent. Y chromosome overcondensed. Note the scheme of
sex chromosome pairing E two fused sister metaphases 11, Y chromosome overcondensed. NOR bearing
clements: one pair of biarmed chromosomes (a terminal NOR), one pair of acrocentric chromosomes (a
terminal NOR at long arm), X, chromosome (a terminal NOR at long arm), X chromosome (NOR at
both ends). Tnset: X, chromosome (from another plate), note the NOR at both ends F, G 2 phalangioides,
Madeira, metaphase 1. Four bivalents include a NOR. There is also a signal on the sex chromosome tri-
Vﬂ_lf_'nt. NO[E [he SChEmE Of sex CthmDSOme [rivﬂlﬂﬂ[. Abbrﬁviariﬂns: a= Chronlosomﬂ Df [hE aCrOCCll[riC
pair bearing NOR, b = bivalent containing NOR, bi = chromosome of a biarmed pair bearing NOR, ¢
= centromere, ch = chromosome bearing NOR, s = sperm nucleus, SCT = sex chromosome trivalent, X

=X, chromosome, X=X chromosome, Y = Y chromosome. Scale bars: 10 pm except for insets (5 um).

133



194 Jiti Krdl et al. / Comparative Cytogenertics 16(4): 185-209 (2022)

R.d. A BA e A R 2y

1 (sm) 2 (m) 3 (m) 4 (m) 5 (a) 6 (m) 7 (m)

A WA AR mn 2 2 2ARaal

8 (m) 9 (m) 10 (m) 11 (m) X, (m) X, (@ Y(m)

Fod e N wd nw mn AN

1(m) 2(m) 3(a) 4 (m) 5 (m) 6 (m) 7 (sm)

B PR A WA e 6 A

8 (m) 9 (m) 10 (m) 11 (sm) X, (m) X,(a) Y(m)

mm TA e Mes a8 na =2

1(m) 2 (m) 3(m) 4(a) 5(m) 6 (m) 7 (m)
cMe AR Mx as we s
8 (sm) 9 (m) 10 (st) 11 (m) X, (m) X, (a) Y(m)

Figure 3. Pholcus, Macaronesian group, male karyotypes, stained by Giemsa. Based on sister metaphases
1T A P fuerteventurensis B I dentatus C P silvai. Scale bars: 10 pm.

the sex chromosomes decreased. The Y chromosome was often more condensed than the
X chromosomes and bivalents (Fig. 5E). The pattern of heteropycnosis also varied during
metaphase II. While in the Madeiran species the sex chromosomes usually exhibited none
or only indistinct heteropycnosis (Fig. 6A), they were often positively heteropycnotic in 22
fuserteventurensis from the Canaries and in species from mainland Europe (Fig. 6C). The Y
chromosome often showed a more intensive staining than the X chromosomes. All species
were characterized by sex chromosome heteropycnosis during anaphase IT whereas hetero-
pycnosis of the X, chromosome was indistinct in some plates (Fig. 6B).

In the premeiotic interphase, the association of sex chromosomes transformed into
sex chromosome pairing. The mode of sex chromosome pairing was most apparent during
late prophase and metaphase I. Both ends of the metacentric sex chromosomes, X, and Y,
took part in pairing (Fig. 5E, F). The pairing partern of the monoarmed X, chromosome
differed among species. In P creticus (and in some plates of P alticeps and P dentatus),
both ends of the X, chromosome were involved in pairing (Fig. 5F). The same pattern of
pairing was found in P epilionoides during early diplotene (Fig. 2A). After that, pairing
was restricted to the long arm of the X, chromosome. In other species, only the long arm
of the X, chromosome was involved in pairing, by its end (Fig. 5E); this pattern was also
observed in the absence of hypotonization. The X chromosomes were usually arranged in
parallel during anaphase I, metaphase I1, and anaphase 1T (Fig. 6B). The Y chromosome
was placed in the middle of the half-plates during anaphase II (Fig. 6B).
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Figure 4. Pholcus, Macaronesian group, NOR detection A, C, D, F, G, I FISH B, E, H Giemsa staining
A-C P fuerteventurensis A metaphase I (a bivalent belonging to another plate is separated by a dotted
line). One bivalent contains a NOR. There is also a signal on the sex chromosome trivalent. Note the
scheme of sex chromosome pairing B, € two sister metaphases 11 separated by a dotted line. Note two
terminal NORs, one on the long arm of the acrocentric pair and another one on the long arm of the
acrocentric X, chromosome D=F P dentatus D metaphase I, one large bivalent contains a terminal NOR.
Note the scheme of sex chromosome pairing E, F two fused metaphases II. Long arm of the acrocentric
pair contains terminal NOR. Sister chromatids of chromosomes of this pair are sometimes associated by
NOR clusters (see the right chromosome of the pair) G=l P silvai G metaphase I, one bivalent involves a
terminal NOR. Note the scheme of sex chromosome pairing H, I two metaphases 11 separated by dotted
line. Long arm of the acrocentric pair contains terminal NOR. Abbreviations: a = chromosome of the
acrocentric pair bearing NOR, b = bivalent containing NOR, s = sperm nucleus, SCT = sex chromosome

trivalent, X, = X, chromosome, X, = X, chromosome, Y = Y chromosome. Scale bars: 10 pm.
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F

Figure 5. Pholcus, males, sex chromosome behavior at spermatogonial mitosis and first meiotic division,
Giemsa staining A P dentatus, spermatogonial metaphase. Note the association of positively heteropyc-
notic sex chromosomes in the middle of the plate B 2 silvai, carly spermatogonial anaphase, three half
plates. Sex chromosomes exhibir a slight positive heteropycnosis and are placed in the middle of the half
plates. Sex chromosomes are marked by arrows € P fuerteventurensis, early diffuse stage. Sex chromosomes
form a positively heteropycnotic body on the periphery of the nucleus D 2 sifvai, late diffuse stage. The sex
chromosome body on the periphery of the nucleus exhibits positive heteropycnosis E P fuerteventurensis,
diakinesis (11 bivalents and a X XY trivalent). The Y chromosome stained more intensively than the X
chromosomes. Note the scheme of sex chromosome pairing F 22 alticeps, diplotene (11 bivalents and a
X XY trivalent). Edge of another diplotene separated by dotted line. Note the scheme of sex chromosome
pairing. Abbreviations: SCB = sex chromosome body, SCT = sex chromosome trivalent, X, = X, chromo-
some, X, = X, chromosome, Y = Y chromosome. Scale bars: 10 pm.
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Figure 6. Pholcus, males, sex chromosome behavior in second meiotic division, Giemsa staining A P sifvai,
two sister metaphases 1. Metaphase IT containing the X chromosomes is composed of 13 chromosomes.
Metaphase 11 containing the Y chromosome comprises 12 chromosomes B 1 alticeps, two sister anaphases I1.
Chromosomes X, and Y display positive heteropycnosis. The X chromosomes are associated. The Y chromo-
some is placed in the middle of the half plates C P fuerteventurensis, two sister metaphases II. Plate containing
the X chromosomes is incomplete (1 chromosome missing). Note the positive heteropycnosis of the sex chro-

mosomes. Abbreviations: X, = X, chromosome, X, = X, chromosome, Y =Y chromosome. Scale bars: 10 pm.
Discussion

Pholcids are the most diversified family of haplogyne spiders with monocentric chro-
mosomes and a suitable model group to study karyotype evolution. Their distribution
is worldwide, and the available molecular phylogeny is the most comprehensive among
all major spider families (Eberle et al. 2018). They are currently the best-explored fam-
ily of haplogynes from a cytogenetic point of view. Closely related species often differ
in their karyotypes, suggesting the involvement of chromosome rearrangements in the
formation of interspecific barriers (Avila Herrera et al. 2021).

Here we focus on karyotype differentiation of the genus Pholcus. Previously
published cytogenetic data concern seven species determined to species level and
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two species determined to genus level only (The Spider Cytogenetic Database
2022). With five newly studied species, our study increases the number of
cytogenetically analyzed Pholcus species to 14. However, karyotype data of three
species are in all probability incorrect (Table 2). These data are analysed in detail by
Avila Herrera et al. (2021). The karyotyped representatives determined to species

Table 2. Summary of Pholcus cytogenetic data. Doubtful data in bold. In most of these cases, it is possible
to deduce probable correct information (in parentheses). fsee Avila Herrera et al. (2021: 22) for discussion of
sex chromosome system. £See Avila Herrera et al. (2021) for discussion of sex chromosome system (p. 23) and
morphology of chromosome pairs (p. 21). §Sce Avila Herrera et al. (2021) for discussion of number of chro-
mosome pairs (p. 18) and sex chromosome system (p. 22). Abbreviations: a = acrocentric, bi = biarmed, CP
= chromosome pair, m = metacentric, p = short chromosome arm, q = long chromosome arm, SC = sex chro-

mosome, SCS = sex chromosome system, sm = submetacentric, st = subtelocentric, t = terminal, ? = unknown.

Taxon 2n  SCS  Chromosome Sex NOR  NOR-bearing NOR-bearing sex Refc
pairs: t h ber CPs: b ct
morphology ~ morphology  (CP/  morphology morphology (NOR
SC)  (NOR location) location)

bicornutus species group

P pagbilao 23 XXY 7m+3sm X m+Xa+Ysm  5/0 3bi (1)1 bi(1 Avila Herrera et
NORp, t + al. 2021
1NORgq, 1)
crypticolenslopilionoides species group
P creticus 25 XinY Sm+dsm+1st+la X‘mérxJ_:HYm 2/0 2 (0 this study
P crypticolenst 24 XX0 mostorallm X 4+X? Suzuki 1954
(25) (XX)Y)
P manuelit 25 X0 11a Xsm Wang etal. 1997
XXY)
P opilionaides 25 X XY 6m+5sm X m+Xa+Ym 3/2 3 bi(o) X, m(l NORp, t+ Avila Herrera
1NORg, t) etal. 2021,
this study
guineensis species group (+ 12 bamboutos)
P bamboutos 23 XXY most bi X m+X,m+Ym Avila Herrera et
al. 2021
P kindia 23 XX)Y  8melsmslst X meX m+Ym Avila Herrera et
al. 2021
Macaronesian species group
P, dentatus 25 XXY 8m+2sm+la X m+Xa+Ym 1/0 la(q, 1) this study
P fuerteventurensis 25 X XY 9melsmila X m+Xa+¥Ym 11 la (g, 1) X,a(1NOR g, 1) this study
P silvai 25 XEXIY 8m+Ism+Ist+1a le+)ga+\’m 1/0 la(q, ) this study
philangioides species group
P alticeps 25 XXY Om+3smilstela X meXa+Ym 2/3 1bi(hlalg o X m(INORpc+ this study
I NORgq, 1);
X_,a (1NOR g, 1)
P phalangioides 23 X[XLY 9m+2sm Xl m+)£_sm+Ym 3/3 3bi(n) X] m (1 NOR p, t+ Krdl et al. 2006,
(Czech cytotype) 1 NORgq, 0 Avila Herrera et
X, sm (g, t) al. 2021
P phalangioides 25 X XY  8m+2sm+la X m+Xst+Ym  4/2 3bifg,)sla X m(INORp, e+  thisstudy
(Madeiran (g, 1) 1 NOR q, 1)
cytotype)
species determined to the genus level only
Pholeus sp. 26(2) XX,0 Sharma and
(India)$§ XXY) Parida 1987
Pholeus sp. 25 XXY  7me3smila X meXst+Ym Avila Herrera et
(Kazakhsran) al. 2021
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level represent five of the clades proposed for the genus (Huber et al. 2018), namely
the 2 bicornutus, I crypticolens/l opilionoides, P guineensis, P phalangioides, and
Macaronesian groups.

Diploid numbers and morphology of chromosome pairs

The ancestral pho]cid karyotypf: probably consisted of 15 chromosome pairs and the
sex chromosomes X, X,, and Y (Avila Herrera er al. 2021). Like many other spider
groups (Suzuki 1954; Kral et al. 2006, 2013), some pholcid clades show a trend to-
wards a decrease in chromosome number (Avila Herrera et al. 2021). This is also prob-
ably how the ancestral karyotype of the subfamily Pholcinae has evolved with its 11
chromosome’pairs and sex chromosomes X, X, and Y. This karyotype is also ancestral
for Pholcus (Avila Herrera et al. 2021). It was found in all karyotyped clades of the ge-
nus except for the P bicornutus and P guineensis groups (Avila Herrera et al. 2021; this
study). In the latter two species groups, the number of chromosome pairs decreased
further to ten. This feature could be a synapomorphy of a large group within Pholeus
comprising the Subsaharan African, Southeast Asian, and Australasian groups of this
genus (Avila Herrera et al. 2021).

The chromosome pairs of ancestral pholcids probably had a biarmed morphology
(Avila Herrera et al. 2021). Most pairs were probably metacentric. Chromosome pairs
of Phelcus species are predominated by biarmed chromosomes except for P manueli
Gertsch, 1937 (Wang et al. 1997). However, the information on this species is based
only on the pattern of constitutive heterochromatin. Therefore, it should be reanalyzed
by determination of chromosome morphology at the mitotic metaphase or metaphase
11 (Avila Herrera et al. 2021).

The karyotype of the unidentified Pholeus sp. from Kazakhstan reported in Avila
Herrera etal. (2021) contains a large acrocentric pair, which was supposed to be an apo-
morphy of this species. Kazakhstan is inhabited by representatives of the P cryptim[em/
opilionoides and I ponticus groups (Huber 2011). Our study revealed that the acrocen-
tric pair is in fact more common in Eurasian Pholcus groups with the karyotype formula
25, XIXZY. The pair is the third, fourth or fifth by size and its relative length ranges
from 7.20 to 8.22% of TCL (Avila Herrera et al. 2021; this study). The end of the long
arm of this pair contains a NOR (see discussion on NOR evolution below). The large
acrocentric pair has most probably originated by a pericentric inversion from a biarmed
one. In the present study, it was found in representatives of all analyzed groups. This
pattern suggests that the large acrocentric pair could be a synapomorphy of several spe-
cies groups within the genus with the karyotype formula 25, X X Y. A further interest-
ing pattern was found in P phalangioides. While the cytotype from Madeira retained
the large acrocentric pair, in the Czech cytotype this pair had reverted to biarmed,
thus the karyotype was again composed exclusively of biarmed chromosomes. Since the
chromosome pairs of the above mentioned cytotypes differed only by this reversion, it
most probably resulted from a pericentric inversion. Furthermore, the reversion of an
acrocentric pair to biarmed had also occurred in 2 opilionoides whose karyotype is also
formed exciusively by biarmed chromosomes. The acrocentric pair is not present in
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karyorypes of the Pholcus ]incages with the formula 23, X|X3Y' However, a reversion of
an acrocentric pair to non-acrocentric cannot be ruled out in ancestors of these lineages.
If such a scenario is correct, the large acrocentric pair would be a synapomorphy of the
entire genus Pholcus. This marker has not been found in the sister clade of Pholcus, i.c.
the Micropholcus/Leptopholcus clade (Avila Herrera et al. 2021). However, the large acro-
centric pair could even have been present in the ancestral karyotype of the Micropholcus/
Leptopholcus clade. The karyotypes of this clade have been derived from the supposed
ancestral karyotype of pholcines (25, X X)Y) by multiple fusions of chromosome pairs.
The large acrocentric pair could have been involved into these fusions.

Closely felﬂted SpeCieS Of Pba!fuf Often diﬁer by the morphology Of one or Sevefal
chromosome pairs. For example, P fuerteventurensis from the Canaries (belonging to
the Macaronesian clade) differs from species of the same clade from Madeira by the
morphology of three pairs. A possible apomorphy of P fuerteventurensis is the trans-
formation of the largest chromosome pair from metacentric to submetacentric. The
Madeiran species show two possible synapomorphies, namely transformations of two
metacentric pairs into submetacentric or subtelocentric. The first transformation con-
cerned the 7% pair of 2 dentatus and the 8" pair of 2 silvai, respectively. The second
transformation concerned the 11™ pair of P dentatus and the 10™ pair of P silvai,
respectively (Suppl. material 1). Even greater are the differences found between P gpil-
ionoides and P creticus from the P crypticolensfopilionoides clade. A possible synapo-
morphy of these species is the change of two metacentric pairs to submetacentric (2"
and 4 pairs). While the large acrocentric pair has been retained in 2 ereticus, it has
converted to biarmed in P apilionoides. Moreover, both species differ by the morphol-
ogy of five other chromosome pairs (Suppl. material 1). Potential synapomorphies of
P alticeps, P phalangioides (I phalangioides group) and Pholcus sp. from Kazakhstan
include changes of two metacentric pairs into submetacentric. The first change con-
cerned probably the 6™ pair of P alticeps, the 8™ pair of 2 phalangioides (the 7% pair in
Avila Herrera et al. 2021), and the 7* pair of Phalcus sp. The second change concerned
probably the 9" pair of P alticeps, the 11% pair of P phalangioides (the 10™ pair in Avila
Herrera et al. 2021), and the 9" pair of Pholcus sp.

A similar karyotype differentiation, where the morphology of one or more chro-
mosome pairs changed while the number of chromosome pairs remained the same, has
also been found in other pholcid genera (Avila Herrera et al. 2021). These changes in
morphology occurred most probably by pericentric inversions or translocations. These
rearrangements leave the chromosome number unchanged and they can often result in

reproductive isolation (Rieseberg 2001; Ayala et al. 2005).

Sex chromosomes

All Pholeus species studied so far exhibit the X XY system (Krdl et al. 2006; Avila Her-
rera et al. 2021, this study). Many haplogynes with the X X)Y system have retained its
ancestral type with two large metacentric X chromosomes and a metacentric micro-
chromosome Y (Avila Herrera et al. 2021).
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The genus Pholcus, like most other pholcids with the X XY system (Avila Herrera
etal. 2021), is conservative in having a metacentric X, chromosome, which is the larg-
est chromosome of the set. In Pholcus species with the karyotype 25, X XY, the size
of the Xl ranges from 9.87 to 14.37% of TCL (Avila Herrera et al. 2021; this srudy).
The size of the Y chromosome has increased considerably in a clade of the subfam-
ily Pholcinae including Quamtana Huber, 2003, Muruta Huber, 2018, Leptopholcus
Simon, 1893, and Pholcus. In general, the Y chromosome can increase in size by accu-
mulation of constitutive heterochromatin, rearrangements between autosomes and sex
chromosomes, or by a combination of these events (e.g., Kejnovsky et al. 2009; Schartl
et al. 2016). Available data suggest a major role of heterochromatin accumulation in
the expansion of the pholcine Y chromosome. The Y chromosome of P phalangioides is
composed exclusively of constitutive heterochromatin (Krdl et al. 2006). A reinterpre-
tation of karyotype data obtained by Wang et al. (1997) suggests the same composition
of the Y chromosome in P manueli (Avila Herrera et al. 2021). Constitutive hetero-
chromatin is a very dynamic part of the genome. The size of heterochromatic blocks
could change even within populations (Sumner 1990). Although the Y chromosome
of Pholcus is formed cxclusively by heterochromatin, its size is relativcly stable in this
genus ranging from 4.77 to 7.10% of TCL except for 2 kindia Huber, 2011 (11.72%
of TCL) (Avila Herrera et al. 2021; this study). Particular Pholcus species might differ
by the extent of condensation in the Y chromosome, which contributes to its diversiry
in size. The enormous increase in size of the Y chromosome in 2 kindia was probably
caused by insertions of autosomal material (Avila Herrera et al. 2021). Among other
spiders with the X XY system, a considerable increase of the Y chromosome size has
only been found in one representative of pacullid spiders (Krdl et al. 2019).

The increase of Y chromosome size in pholcines has been accompanied by a reduc-
tion of the X, chromosome. The X, and Y chromosomes exhibit a similar size in the
Pholcus clades analyzed in this study. The X, chromosome is the most dynamic chro-
mosome of the X X,Y system in pholcids. It exhibits a considerable diversity in size and
morphology (Avila Herrera et al. 2021). The ancestral metacentric morphology of the
X, chromosome has changed frequently to submgtacentric or even monoarmed, prob-
ably by pericentric inversions or translocations (Avila Herrera et al. 2021). As already
mentioned, these rearrangements can play a role in the formation of reproductive
barriers. This effect is even stronger if the rearrangement concerns sex chromosomes
(Presgraves 2008; Kitano et al. 2009; Hooper et al. 2019). The ancestral X, chromo-
some of Pholeus was probably metacentric as found in P guineensis and P bamboutos
Huber, 2011 (23, X X)Y). This hypothesis is supported by‘ the biarmed morphology
of the X, chromosome in the closest relatives of Pholcus (Avila Herrera et al. 2021).
During following evolution, the morphology of the Xz chromosome graduaﬂy changed
to acrocentric. This scenario is supported by the non-acrocentric morphology of this
element in two species with the formula 25, X XY, P phalangioides (submetacentric or
subtelocentric X)) and Pholcus sp. (subtelocentric X)). The size of the X, chromosome
ranges from 5.53 to 6.56% of TCL in species with this formula (Avila Herrera et al.
2021; this study).
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Interestingly, Madeiran and central European specimens of P phalangioides dif-
fered slightly in the morphology of the X, chromosome. While the X, chromosome
of the Czech P phalangioides was submetacentric (centromeric index 2.85), the X, of
the Madeiran specimen was subtelocentric (centromeric index 3.96) (Avila Herrera
et al. 2021; this study). This change in morphology might result from chromosome
rearrangement or addition of heterochromatin. The acrocentric morphology of the X,
chromosome observed in some metaphases 11 of P phalangioides is an artifact resultiné
from precocious separation of chromatids of this chromosome.

The sex chromosomes in Pholcus show a specific behavior in the male germline,
which, like in other pho]cids, includes positive hetempycnosis (more intensive stain-
ing), preferential location, and association or pairing. The association and heteropyc-
nosis of sex chromosomes occur as early as during spermatogonial mitosis. Moreover,
the sex chromosomes are usually located in the middle of spermatogonial plates, spe-
cifically on the metaphase plates (Kral et al. 2006; Avila Herrera et al. 2021; this study)
and anaphase half plates (this study). Such behavior in spermatogonial anaphase has
not been reported so far and it might occur in other spider species as well, not only
in the taxa with the X, XY system. Due to its short duration, the spermatogonial ana-
phase is only rarely observed, which precludes analysis of sex chromosome behavior
during this period. During the premiotic interphase in pholcids, the sex chromosome
association evolves into pairing that continues up to metaphase I (Krdl et al. 2006;
Avila Herrera et al. 2021; this study). Chromosomes of the X X)Y system are usu-
ally located at the periphery of the plate during early prophase I and diffuse stage. In
contrast to that, during late prophase I and metaphase I, they tend to be in the middle
of the plate. After segregation of the X and Y chromosomes, the X chromosomes are
associated till the end of meiosis. The Y chromosome is usually located in the middle
of half plates during anaphase II. Sex chromosomes are positively heteropycnotic only
in some phases of meiosis (Avila Herrera et al. 2021; this study).

Metacentric chromosomes of the X]X2Y system pair without chiasmata in male
meiosis, namely by the ends of both arms (Silva et al. 2002; Krdl et al. 2006; Avila
Herrera et al. 2021). In some species with a non-metacentric X, chromosome, both
chromosome ends remain involved in chromosome pairing. In other species, how-
ever, the non-metacentric X, chromosome only pairs by the end of its long arm (Krl
et al. 2006; Avila Herrera et al. 2021 this study). In P ereticus, both ends of the acro-
centric X, chromosome take part in pairing. In 2 a[ticeps and P dentatus, which share
the morphology of the X, chromosome with 2 ereticus, pairing by both ends was only
observed in a small proportion of the cells probably because the pairing of the shorter
arm is less stable and loosens during the hypotonization and fixation step of chromo-
some preparation. In P opilionoides, pairing of the X, chromosome by both ends was
only observed in the early diplotene; afterwards, the chromosome paired only by its
long arm. In other Pholcus species with a monoarmed X, chromosome, only the long
arm of X, was involved in pairing (Avila Herrera et al. 2021; chis study). This pattern
was observed even in the absence of hypotonization (this study), which indicates that
it is not an artifact.
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NORs

So far, NORs have only been detected in a low number of spider species (see For-
man et al. 2013; Krdl et al. 2013 for references), espccially by the means of FISH (see
Stahlavsky et al. 2020; Reyes Lerma et al. 2021 for references). In pholcids, however,
NOR patterns have been determined recently in many species by FISH (Avila Herrera
et al. 2021), which makes it possiblc to contextualize our data with previous knowledge
on the NOR evolution in this family. Pholcid spiders show a highly variable numbers
of NORs (one to nine), which in the majority of pholcids occur on chromosome ends
(Avila Herrera et al. 2021). Their terminal position suggests that the NORs spread with-
in the karyotype mostly by ectopic recombination, which is most effective in telomeric
areas (Goldman and Lichten 1996). NOR bearing pairs in pholcids have a biarmed
morphology except for the acrocentric pair found in the present study in most Pholeus
species with the karyotype formula 25, X1XZY. Unlike in other spidcrs, the spreading of
NOR:s to sex chromosomes is quite common in haplogynes (including pholcids, where
it has occurred ar least five rimes) (Krél et al. 2006; Avila Herrera et al. 2021).

The ancestral pattern of the subfamily Pholcinae probably involves three chromo-
some pairs with a terminal NOR each. Prior to the separation of Aetana Huber, 2005,
a NOR locus appeared on one end of the X . Thereafter, the NORs gradually spread
to tl'le Other end Of thc Xl CthmDSOmC aﬂd to the Cﬂd Of thf: long arm Of the XZ’ i.C.,
to the regions that ensure the achiasmatic pairing of the sex chromosomes. We assume
that the sex chromosome-linked NORs (SCL-NORs) take part in this pairing (Avila
Herrera et al. 2021), probably together with the sequences of the Y chromosome in-
vading the end of the X, (Sember et al. 2020).

Our study reveals a considerable diversity of NOR patterns in Pholeus. Based on
data from Pholeus and the closely related genera, we suppose that the ancestral NOR
pattern of Pholcus probably comprised two or three chromosome pairs with a terminal
NOR locus each and three terminal X chromosome-linked loci (two on the X, chro-
mosome and one on the X)). The number of loci has then increased in some species
and decreased in others (Avila Herrera et al. 2021; this study). In P pagbilao Huber,
2011, four NOR bearing pairs have been found, one of them with two terminal NORs
(Avila Herrera et al. 2021). Four NOR-bearing pairs were also found in the Madeiran
cytotype of P2 phalangioides (this study).

A reduction in the number of NORs has occurred repeatedly in Pholcus, both on
chromosome pairs and on chromosomes of the X XY system. Thus, the Macaronesian
clade exhibits a single acrocentric NOR-bearing pair. P fuerteventurensis from the Ca-
naries retained a single SCL-NOR locarted at the end of the X, chromosome. The two
Madeiran species share a degeneration/loss of SCL-NORs. In the P crypticolens/opilio-
noides group, the reduction was more extensive in SCL-NORs than in NORs located on
chromosome pairs. The pattern of P apilionoides differs from the supposed ancestral pat-
tern only by the absence of the X -linked NOR, while the pattern of 2 ereticus is more
derived, the SCL-NORs are degenerated/lost (this study). In P pagbilao (P bicornutus

group), the number of NOR-bearing chromosome pairs has increased to four whereas
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SCL-NORs were degenerated/lost (Avila Herrera et al. 2021). Remarkably, particular
clades differ in their pattern of reduction of SCL-NORs. In the P phalangioides and P
crypticolenstopilionoides groups, the X -linked NOR has been degenerated/lost first. In
the Macaronesian clade, however rhe_degenf:ration/ loss has first affected the Xl-linked
NORs (this study). The rDNA sequences responsible for achiasmatic pairing of sex
chromosomes could be retained even after degeneration of SCL-NORs, as already re-
ported from the males of Drosophila Fallén, 1823 (Roy et al. 2005). The reasons for the
repeated degeneration of SCL-NORs in Pholcus are unclear. All species without SCL-
NORs are island species. Island populations are frequently reduced and thus experience
genetic drift, which could lead to random fixation of sex chromosomes without NORs.
Moreover, genetic drift is more effective in case of sex chromosomes whose number in
the population is reduced in comparison with autosomes (Johnson and Lachance 2012).
Within the subfamily Pholcinae, the loss of the SCL-NORs had also occurred in a clade
including Canticus and Mz'crop/?olcus. In this case, the loss of these NORs has been ac-
companied by a conversion of the X X)Y system to X0 (Avila Herrera et al. 2021).

Karyotype diversity in P. phalangioides

P phalangioides showed intraspecific diversity of the NOR pattern and chromosome
morphology. Considering NORs, the Czech cytotype exhibited the supposcdly an-
cestral pattern of Pholcus (Avila Herrera et al. 2021). In the Madeiran cytotype, the
number of the NOR-bearing pairs has increased to four, each pair containing one
NOR locus. The NOR on the X, chromosome has been lost. Intraspecific variability
in the NOR number has not previously been reported from pholcids, but it could be
expected based on the occurrence of heterozygotes for number of NORs in some spe-
cies (Avila Herrera et al. 2021).

The karyotype differences between the Czech and Madeiran cytotype were, how-
ever, more pfOfDund. They alSO diH‘Cer in thf: mOrPhOlOgY Of some CthmOSOmES.
The chromosome pairs of the Madeiran cytotype showed the original pattern; they
included a large acrocentric pair, which has changed to biarmed in the Czech cyto-
type. Furthermore, both cytotypes differed to some extent in the morphology of the
X, chromosome. Intraspecific differences in chromosome morphology have not been
previously reported from pholcids. Whether the presence of different cytotypes is in
any way related to the apparent CO! polymorphism in this species (documented in
the sequences deposited at NCBI) is unknown. The status of both cytotypes should be
further analysed using larger samples and approaches of integrative taxonomy.

Conclusions

We present new data on karyorypes and meiotic division of seven species of the genus
Pholcus (Pholcidae) from Europe. The selected species represent several different spe-
cies groups within the region whose relationships among each other remain largely
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unknown. The male karyotype is composed of 25 chromosomes with a X XY sex
chromosome system. The sex chromosomes pair without chiasmata during male meio-
sis. The karyotypes are predominated by biarmed chromosomes. The karyotypes of
most species contain an acrocentric chromosome pair, which has changed to biarmed
in some taxa. This marker is either a synapomorphy of the species groups included in
this study or a synapomorphy of the genus Pholcus. Closely related species usually differ
in the morphology of one or several chromosome pairs, which suggests the operation
of pericentric inversions and/or translocations. Such rearrangements have been impli-
cated in speciation. The chromosomes X, and Y show a metacentric morphology. By
contrast, the X2 chromosome is usually acrocentric. NOR patterns are very diversified.
In the ancestor of Pholcus, these structures were located both on chromosome pairs and
on sex chromosomes. Sex chromosome-linked NORs could be involved in the pairing
of sex chromosomes. Most of the analyzed species show a specific pattern of NORs.
Nucleolus organizer regions have often been degenerated/lost during evolution. Re-
markably, the loss seems to preferably affect SCL-NORs. The reason for this phenome-
non is unclear. The IDNA sequences crucial for sex chromosome pairing might remain
unaffected by the degeneration. P phalangioides yielded two cytotypes, which differ in
their chromosome morphology and NOR pattern. Some of the detected chromosome
changes appear phylogenetically informative. Although the Macaronesian clade shows
a very high rate of speciation, species of this lineage do not differ substantia]ly in the
number of chromosome changes from other analyzed lineages of Pholcus. However, this
conclusion needs to be corroborated by an analysis of more species and species groups.
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Pholcidae are called ”daddy long-legs” spiders at English. Representatives of the
subfamily Ninetinae are atypical with their relatively short limbs. Ninetines are found in
the arid environments of the Americas and the Arabian Peninsula. Representatives of the
genus Nerudia analyzed in the present work have been found as high as 4450 m a.s.l.
Ninetines remain largely unexplored, with many undescribed species. The low level of
knowledge also applies to their cytogenetics.

This paper is focused on the integrative taxonomy of the ninetine genus Nerudia including
the description of ten new species using morphology pattern as well COI barcodes.
Furthermore, this paper contain first information on cytogenetics of Nerudia as well as
closely related genus Gertschiola.

Only two representatives of ninetines have been karyotyped so far, namely Kambiwa
neotropica and Pholcophora americana. Our study contributed karyotypes of three
species: Nerudia poma, N. ola and Gertschiola macrostyla.

Male karyotypes of analysed ninetines consisted of 24-28 chromosomes. They shared
Xi1X2Y sex chromosome system, predominance of biarmed chromosomes, diffuse stage,
and sex chromosome linked NOR. Sex chromosomes formed an achiasmatic tetravalent
during male meiosis. In this tetravalent, X chromosomes were associated by one end with
Y chromosome. The length of the Xs and Y chromosome was similar in Nerudia ola.
While Y chromosome was somewhat smaller than X chromosome in N. poma, it was a
microchromosome in Gertschiola. FISH revealed one or two NOR-bearing chromosome

pairs as well as sex chromosome-linked NOR in these ninetines.

My contribution: Evaluation of preparations, detection of NORs by FISH, analysis and

interpretation of results. Preparation of cytogenetic part of the manuscript.
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Ninetinae are a group of poorly known spiders that do not fit the image of ‘daddy long-legs spiders’ (Pholcidae),
the family to which they belong. They are mostly short-legged, tiny and live in arid environments. The previously
monotypic Andean genus Nerudia exemplifies our poor knowledge of Ninetinae: only seven adult specimens from
two localities in Chile and Argentina have been reported in the literature. We found representatives of Nerudia at
24 of 52 localities visited in 2019, mostly under rocks in arid habitats, up to 4450 m a.s.l., the highest known record
for Pholcidae. With now more than 400 adult specimens, we revise the genus, describing ten new species based on
morphology (including SEM) and COI barcodes. We present the first karyotype data for Nerudia and for its putative
sister-genus Gertschiola. These two southern South American genera share a X X XY sex chromosome system. We
model the distribution of Nerudia, showing that the genus is expected to occur in the Atacama biogeographic province
(no record so far) and that its environmental niche is phylogenetically conserved. This is the first comprehensive
revision of any Ninetinae genus, It suggests that focused collecting may uncover a considerable diversity of these
enigmatic spiders.

ADDITIONAL KEYWORDS: Argentina — barcodes — biogeography — distribution modelling — Gertschiola —
highest record — new species — NOR — sampling bias — sex chromosomes.

INTRODUCTION about the family as a whole. Intensive research over
the last two decades has not only resulted in the dis-
covery and description of more than 1000 new species,
but has also revealed some facts about their biology.
For example, multiple convergent shifts among micro-
habitats have resulted in a wide range of ecomorphs,
with strong convergencies in body shape, coloration
and behaviour (Dimitrov et al., 2013; Eberle et al.,
2018). Sexual dimorphisms have evolved over 100
times independently (Huber, 2021), including some
spectacular phenomena like males with extremely
‘Corresponding author. E-mail: b.huber@leibniz-lib.de modified ‘head’ structures (Huber & Nuﬁ.eza, 2015;
[Version of record, published online 13 March  Huber et al.,, 2016). Females guard their eggs by

Pholeid spiders are among the most species-rich
spider families (World Spider Catalog, 2022), and
highly diverse regarding the microhabitats they oc-
cupy and their corresponding body shapes and col-
ours (Eberle et al., 2018). They are well known to
many people by a few synanthropic species. However,
the mainly tropical and subtropical distribution of
this group has long caused a fragmentary knowledge

2023; http://zoobank.org/ urn:lsid:zoobank. carrying the egg-sacs in their chelicerae, but parasitic
org:pub:E3CF73A6-FCA6-4935-A516-D1E38E49CFB3] wasps have repeatedly managed to access the eggs
© The Author(s) 2023. Published by Oxford University Press on behalf of The Linnean Society of London. 534
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and use the spider female to protect the developing
offspring of her enemy (Huber & Wunderlich, 2006;
Johnson et al., 2018). In keeping with their species
diversity, pholcids exhibit a considerable diversity of
diploid numbers, sex chromosome systems and pat-
terns of nucleolus organizer regions (NORs) (Avila
Herrera et al., 2021).

The family is currently divided into five subfam-
ilies (Huber, 2011). Among these, Ninetinae are of
particular interest in many respects. When Eugéne
Simon constructed the first classification of Pholcidae
(Simon, 1893), he placed the single Ninetinae spe-
cies known to him in a separate subfamily, opposing
all other pholcids. While molecular data have not
yet resolved the position of Ninetinae (Eberle ef al.,
2018), sperm data support a sister-group relation-
ship between Ninetinae and all other Pholcidae: most
Ninetinae have synspermia (Dederichs et al., 2022),
a sperm transfer form that characterizes ecribellate
Haplogynae spiders (= Synspermiata sensu Michalik &
Ramirez, 2014). This contrasts with all other pholcids
studied, which have cleistospermia. Apart from their
possible ‘basal’ position among Pholcidae, Ninetinae
are ‘unusual’ in several respects: (1) Ninetinae are
largely restricted to arid habitats, while most other
pholcids (in particular those in the New World) are
concentrated in humid tropical environments (e.g.
Huber & Brescovit, 2003); (2) while Ninetinae contain
only 2% of extant Pholcidae species, they contain 20%
(three of 15) of the known fossil species (Dunlop ef al.,
2020); (3) with previously only 32 (now 42) described
species, Ninetinae are by far the smallest of the five
subfamilies in Pholcidae; (4) Ninetinae have by far
the lowest mean number of species per genus (pre-
viously 2.5, now 3.2 - other subfamilies: 11.2-27.6),
suggesting old diversification with little subsequent
speciation or displacement by modern taxa; and (5)
Ninetinae are small to tiny (body length usually
1-2 mm; most other pholcids range from 2 to 10 mm)
and their often short legs do not fit the image of a
‘daddy long-legs spider’.

Almost nothing has been known about Ninetinae
biology beyond basic data on microhabitat, i.e. on re-
productive biology, web building, predatory behaviour
or life cycle. Label data and preliminary field observa-
tions have indicated that Ninetinae are fast-running
ground spiders and that at least some species may
not even build webs. This is remarkable considering
that among the closest relatives of Pholcidae [phyl-
ogeny of Wheeler et al. (2017)], some taxa make webs
(e.g. Diguetidae), while others apparently do not (e.g.
Tetrablemmidae).

Geographically, Ninetinae seem to be relatively di-
verse in the New World (12 named genera), while
only two genera are currently described from the Old
‘World. Brazil has the highest number of genera (four

named), followed by Argentina and Venezuela (three
named genera each). In Argentina and Canada, repre-
sentatives of Ninetinae mark the most southern and
most northern pholcid records worldwide (excluding
synanthropic species; -47.7° and 56.1°; M. Ramirez,
pers. comm. Jan. 2022; Bennett, 2014). To this we
add here the highest record, supporting the idea that
Ninetinae tolerate more extreme environmental condi-
tions than other Pholcidae.

The genus Nerudia Huber, 2000 has long been a typ-
ical example of our limited knowledge of Ninetinae.
It was described in 2000 for a single Chilean species
(Nerudia atacama Huber, 2000), based on five adult
specimens from two neighbouring localities (Huber,
2000). Since then, only two further adult specimens of
Nerudia have been reported in the literature (Torres
et al., 2015). Based on morphology, they were (errone-
ously) assigned to N. atacama, even though they ori-
ginated from Salta Province in Argentina, 700 km NE
of the type locality.

In 2019, two of us (BAH, MAI) conducted an exped-
ition in Argentina, aiming primarily at Ninetinae. To
our surprise, Nerudia spiders were found at 24 of the
52 visited localities, often in considerable abundance.
The present paper describes this material, raising the
number of nominal species from one to 11. We provide
the first karyotype data of Nerudia and of the putative
sister-genus Gertschiola Brignoli, 1981. Finally, we
study the biogeography of Nerudia in an effort to esti-
mate the potential distribution of the genus, to test the
environmental niche conservatism in the group and
possible biases in the available locality data, which are
likely to result in biodiversity shortfalls regarding this
genus. In particular, our biogeographic analyses aim
to test two hypotheses: (1) among Ninetinae, Nerudia
representatives occupy a unique environmental niche;
and (2) the modelled environmental niche of Nerudia
suffers from sampling biases.

MATERIAL AND METHODS

TAXONOMY AND MORPHOLOGY

The taxonomic part of this study is based on the
examination of 410 adult specimens deposited in the
following collections: American Museum of Natural
History, New York, USA (AMNH); Laboratorio
de Biologia Reproductiva y Evolucion, Cérdoba,
Argentina (LABRE); Museo Argentino de Ciencias
Naturales, Buenos Aires, Argentina (MACN); and
Zoologisches Forschungsmuseum Alexander Koenig,
Bonn, Germany (ZFMK).

Taxonomic descriptions follow the style of recent
publications on Pholcidae (e.g. Huber, 2022; based on:
Huber, 2000). Measurements were done on a dissecting
microscope with an ocular grid and are in mm unless

© 2023 The Linnean Society of London, Zoological Journal of the Linnean Society, 2023, 198, 534-591
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otherwise noted; eye measurements are +/— 5 pm. Live
specimens (Fig. 1) were photographed with a Canon
EOS 700D camera. Other photos were made with a
Nikon Coolpix 995 digital camera (2048 x 1536 pixels)
mounted on a Nikon SMZ 18 stereo microscope or a
Leitz Dialux 20 compound microscope. COMBINEZP
(https://combinezp.software.informer.com/) was used
for stacking photos. Drawings are partly based on
photos that were traced on a light table and later im-
proved under a dissecting microscope, or they were
directly drawn with a Leitz Dialux 20 compound micro-
scope using a drawing tube. Cleared epigyna were
stained with chlorazol black. The number of decimals in
coordinates gives a rough indication about the accuracy
of the locality data: four decimals means that the col-
lecting site was within about 10 m of the indicated spot;
three decimals: within ~100 m; two decimals: within
~1 km; one decimal: within ~10 km. Distribution maps
were generated with ARCMAP v.10.0 (Environmental
Systems Research Institute, Redlands, CA). For scan-
ning electron microscope (SEM) photos, specimens were
dried in hexamethyldisilazane (HMDS) (Brown, 1993)
and photographed with a Zeiss Sigma 300 VP scanning
electron microscope. SEM data are presented with the
descriptions but are usually not based on the specific
specimen described. Abbreviations used in figures only
are explained in the figure legends. Abbreviations used
in the text: ALE, anterior lateral eye(s); ALS, anterior
lateral spinneret(s); AME, anterior median eye(s); a.s.1.,
above sea level; L/d, length/diameter; PME, posterior
median eye(s); PMS, posterior median spinneret(s).

MOLECULAR DATA AND ANALYSES
Taxon sampling

Qutgroup taxa were selected from Eberle et al. (2018),
including ten Ninetinae species and two Artema species
(Pholcidae: Arteminae) for rooting the tree. Additionally,
we newly sequenced 24 Nerudia and nine Gertschiola
specimens. In total, the molecular study includes 47
specimens. Table 1 lists the newly sequenced specimens.
Accession numbers of previously sequenced specimens
are shown in the Supporting Information (Figs S1, S2);
for detailed information on these specimens, see Eberle
et al. (2018). Two to four legs of specimens stored in pure
ethanol (~99%) at —20 °C were used for DNA extraction.
Extracted genomic DNA is deposited at and is available
from the LIB Biobank, Museum Koenig, Bonn.

DNA extraction, amplification and sequencing

For 32 specimens (24 Nerudia specimens and eight
Gertschiola specimens; Table 1), DNA was ex-
tracted using the HotSHOT method (Truett et al.,
2000). The primer set used was LC0O1490-JJ and
HCO02198-JJ (Astrin et al., 2016; primer versions JJ2

served as backup), with different tag sequences (from
Srivathsan et al., 2021) of 13 bp length added at the
5-ends of forward and reverse primers, respectively.
The 20 pL reaction volume consisted of 5 pL. H0, 2
pL Q-Solution, 10 pL Qiagen Multiplex-Mix, 1 pL for-
ward primer, 1 pL reverse primer and 1 pL. DNA. The
polymerase chain reaction (PCR) procedure was: (1)
95 °C for 15 min; (2) denaturation at 94 °C for 35 s; (3)
annealing at 55 °C (or 40 °C) for 90 s; (4) elongation
at 72 °C for 90 s; and (5) final elongation at 72 °C for
10 min, followed by cooling at 10 °C. Steps 2-4 were
repeated for 15 cycles (or 25 cycles). The PCR products
(each with a different combination of 13 bp tags) were
then pooled and sequenced with the Oxford Nanopore
Technologies (ONT) GridON platform, making use of
the SQK-LSK110 sequencing kit and a flongle R9.4
floweell. One Gertschiola specimen (N010) was amp-
lified with the same primer set but its PCR product
was sent for bidirectional Sanger sequencing to BGI
(Hong Kong).

Cytochrome ¢ oxidase subunit I (COI) barcode
assembly and contamination check

A total of 32 COI barcodes were sequenced by ONT
sequencing and assembled following the ONTharcoder
(Srivathsan et al., 2021) pipeline, while one COI bar-
code was characterized with Sanger-sequencing and
assembled and aligned with GENEIOUS R7 (Kearse et
al., 2012). To confirm the taxonomic assignments and
to identify contaminations, the assembled sequences
were checked by: (1) blasting against a local NT data-
base and (2) the identification engine of the Barcode
of Life Data System (BOLD) (http:/www.boldsystems.
org/index.php) (Ratnasingham & Hebert, 2007; Yang
et al., 2020).

Multiple sequence alignment (MSA) and
neighbour-joining (NJ) tree construction

A total of 47 COI barcodes were translated into protein
sequences using BIOPYTHON v.1.78 (Cock et al., 2009)
and the option for the invertebrate mitochondrial gen-
etic code. Protein-MSAs were constructed using the
mafft-linsi algorithm of MAFFT v.7.299b (Katoh &
Standley, 2013), which then guided the construction
of nucleotide level MSAs with pal2nal.pl (Suyama et
al., 2006). With this procedure we avoided the intro-
duction of biologically meaningless frameshifts to
the alignments (Suyama et al., 2006). Finally, MEGA
X (Kumar et al., 2018; Stecher et al., 2020) was used
for the construction of a NJ tree (Saitou & Nei, 1987)
based on the nucleotide alignment. Evolutionary dis-
tances were computed using the Kimura 2-parameter
method (Kimura, 1980) and all ambiguous positions
were removed for each sequence pair (pairwise deletion
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option). Branch supports were evaluated with 1000
bootstrap replicates (Felsenstein, 1985). The NJ tree
in Figure 2 shows only the ingroup taxa. The complete
tree is shown in the Supporting Information (Figure
S1).

PREPARATION OF CHROMOSOME SLIDES AND THEIR
EVALUATION
Chromosomes were prepared from two specimens of
the new species Nerudia poma, two specimens of
the new species Nerudia ola and one specimen
of Gertschiola macrostyla (Mello-Leitio, 1941).

Chromosome plates were obtained from testes of
adult males. In both species of Nerudia, the prepar-
ations contained both mitotic and meiotic plates. In
G. macrostyla, they only contained meiotic plates.
Chromosome preparation was based on Dolejs et al.
(2011). Tissues were hypotonized in 0.0756M KCI for
25 min at room temperature (RT) and fixed two times
(10 and 20 min) in ethanol : acetic acid (3 : 1) (RT).
To make a cell suspension, a piece of fixed tissue was
placed on a microscope slide with a drop of 60% acetic
acid and quickly shredded with a pair of tungsten nee-
dles to obtain a cell suspension. The preparation was
placed on a histological plate (40 °C). The drop was

Figure 1. Nerudia, live specimens from Argentina. A, N. colina sp. nov., female from Jujuy, between San Salvador and
Purmamarca (type locality). B, N. poma sp. nov., male from Salta, NW Campo Quijano (type locality). C, D, N. centaura sp.
nov., male and female from Catamarca, E Paso de San Francisco (type locality). E, N. frigo sp. nov., female from Salta, SW
Alemania. F, N. guirnalda sp. nov,, male from Catamarca, El Rodeo (type locality). G, N. ola sp. nov., male from San Juan,
San Agustin de Valle Fertil (type locality). H, N. nono sp. nov,, male from Cordoba, E Nono (type locality).
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NO042 Gerischiola sp. Arg214
NO019 Gertschiola sp. Arg158

NO024 Gerischiola sp. Arg164
5434 Gertschiola macrostyla MG268725
N056 Gertschiola macrostyla MACN267
NO010 Gertschiola macrostyla Arg140
NOO06 Gertschiola macrostyla Arg134
NO013 Gerischiola macrostyla Arg145
NO16 Gertschiola macrostyla Arg149
N0O04 Gertschiola macrostyla Arg128
N023 Nerudia Arg163 Arg163
NO020 Nerudia hoguera Arg159
NO030 Nerudia poma Arg184
NO035 Nerudia poma Arg197
N033 Nerudia poma Arg195
N028 Nerudia colina Argl78
NO15 Nerudia rocio Arg148
NO14 Nerudia Arg23a Arg147
NO044 Nerudia centaura Arg216

poma group

1 colina

centaura group

N043 Nerudia centaura Arg215
NO38 Nerudia trigo Arg206
NO036 Nerudia trigo Arg202
NO0O1 Nerudia nono Arg124
N026 Nerudia guirnalda Arg167

NO025 Nerudia guirnalda Arg166
NO41 Nerudia ola? Arg213

N040 Nerudia ola? Arg211 ola group

NO021 Nerudia ola? Arg161
N018 Nerudia ola? Arg154
NO17 Nerudia ola? Argl52
N0O08 Nerudia ola Arg136

Tree scale: 0.01 ————

NO0O7 Nerudia ola Arg135
NO012 Nerudia ola Arg144
NO11 Nerudia ola Arg141

Figure 2. NJ COI tree of all sequenced Nerudia and Gertschiola specimens. Species groups on the right are working
hypotheses. Photo: female of Nerudia colina sp. nov. For complete tree, and for tree resulting from analysis with 1Q-TREE,

see Supporting Information, Figures S1, S2.

moved with a tungsten needle until it almost evapor-
ated. The remaining suspension was discarded. Slides
were stained with a 5% Giemsa solution in Sérensen
buffer (pH 6.8) for 28 min (RT).

Preparations were studied under an Olympus BX
50 microscope equipped with a DP 71 CCD camera.
Chromosome morphology was characterized based
on the position of the centromere (Levan, 1964),
which was calculated as the ratio of the longer
and shorter chromosome arms. Chromosomes
were measured using the IMAGE TooOL v.3.0 soft-
ware (https://imagetool.software.informer.com/3.0/).
Metacentric and submetacentric chromosomes were
considered as biarmed, and subtelocentric and
acrocentric chromosomes as monoarmed. The sex
chromosome system was identified from meiosis
of the heterogametic sex, based on segregation of
the sex chromosomes and/or their behaviour in pro-
phase and metaphase I.

VISUALIZATION OF NUCLEOLUS ORGANIZER REGIONS
(NORS)

After inspection under the Olympus BX 50 microscope,
the slides were treated in xylene and benzine baths
(1 min each, RT) to remove the immersion oil. The
Giemsa stain was removed from preparations by incu-
bation in the fixative (3 min, RT). Nucleolus organizer
regions were detected by a biotin labelled 188 rDNA
probe from the spider Dysdera erythrina (Walckenaer,
1802) (Dysderidae) (for details, see: Avila Herrera et
al., 2021). The probe was visualized by fluorescence in
situ hybridization (FISH) using streptavidin-Cy3 with
signal amplification (biotinylated antistreptavidin,
streptavidin-Cy3). Chromosomes were counterstained
by DAPI (for description of method, see: Forman et
al., 2013). Chromosome plates were captured with
an Olympus IX81 microscope equipped with an
ORCA-AG CCD camera (Hamamatsu). Images were
pseudocoloured (red for Cy3, blue for DAPI) and
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superimposed with the CELLAR software (Olympus
Soft Imaging Solutions).

SAMPLING BIAS AND BIOGEOGRAPHIC ANALYSES

In order to test if the environmental niche occupied by
Nerudia representatives differs from other ninetines
and if it suffers from sampling biases, the numbers
of records of arthropods and arachnids in the wider
geographic area of Nerudia were used as predictors in
generalized linear models with a binomial distribution
of errors. To perform these analyses, a database with
records of preserved specimens of arthropods from
Argentina, Chile, Bolivia and Paraguay was gath-
ered from the Global Biodiversity Information Facility
(GBIF.org, 2022). The GBIF search was restricted to
records with true coordinates and without known
geospatial issues detected by the platform. It yielded
404 541 records of arthropods, including 36 796 re-
cords of arachnids. These records were further spa-
tially clipped to a 0.5-degree side-by-side hexagon grid,
built at a 500-km radius from all Nerudia records. This
resulted in a database with 131 955 records of arthro-
pods, including 9032 records of arachnids. A kernel
density map was calculated to provide an overview of
the sampling effort in the study area. This analysis
was performed at ARCGIS v.10.3, with an output cell
size of 0.02, search radius of one decimal degree and
a planar method. All raster files were plotted using
stretched symbology of 2.5 standard deviations.

As a qualitative exploratory analysis, areas with
high suitability for representatives of Nerudia (i.e.
areas with higher indices resulting from species dis-
tribution modelling predictions) were modelled using
all Nerudia species records. No Nerudia species has
enough known records to allow individual modelling.
Thus, we disregarded individual species environ-
mental thresholds and treated them as a single bio-
logical entity in model inputs. As predictors, we used
the 19 climatic variables available in the WorldClim
v.2 database (https://'www.worldclim.org/data/index.
html), plus the mean tree density (Crowther ef al.,
2015) and mean canopy height (Simard et al., 2011),
both at a 1-km? scale. These variables were selected
to provide a satisfactory description of biological and
climatic conditions of the habitats of Pholcidae species,
which occupy a large variety of environments world-
wide. To remove the spatial autocorrelation between
the predictor layers, a principal component analysis
(PCA) was carried out in R v.4.1.0 (R Development
Core Team), using tools in the packages ‘raster’
(Hijmans et al., 2016), ‘rgdal’ (Bivand et al., 2019)
and ‘RStoolbox’ (Leutner et al., 2019). The principal
components that summed at least 95% of the propor-
tion of variance were used as predictors in the mod-
elling (Supporting Information, Tables S1, S2). The

modelling was performed with MAXENT, without
applying a threshold rule, with 500 maximum inter-
actions, random test percentage of 25%, raw output
formatted, with 15 bootstrap replicates and by re-
moving duplicates from the same grid cell (following
the recommendations by: Merow et al., 2013). The map
representing the median of the replicates is shown
in Figure 43B, and the contribution of the principal
components to the species distribution modelling is in
Table S3. In the sections on biogeography, we adopted
the biogeographic regionalization of the Neotropical
region and its hierarchy (i.e. regions, dominions, prov-
inces and districts) proposed by Morrone (2017). The
terms used here should not be mistaken for political
administrative areas.

The same environmental predictors were used to
test if the environmental niche occupied by Nerudia
representatives is similar to other ninetines. This
was done through a second PCA (see parameters
in Tables S4, S5), using the extracted values for
338 points of occurrences, including 47 of Nerudia
and 291 of other Ninetinae species (Supporting
Information, Table S6). This list was assembled
based on the literature and on unpublished records
(B.A. Huber & L. S Carvalho, unpubl. data). A third
PCA was carried out using the extracted values for
the 21 predictor layers for the localities of the ter-
minals used in the neighbour joining and phylogen-
etic analyses (Supporting Information, Tables S7, S8,
Fig. S8). The principal components of this PCA were
used to test if there is a phylogenetic signal related
to the environmental niche occupied by each taxon
(Supporting Information, Table S9). This analysis is
preliminary in the sense that our COI trees may not
adequately reflect phylogenetic relationships. The
analysis was carried out by calculating the ) param-
eter (Pagel, 1999), with the function ‘phylosig’ of the
R package ‘phytools’ (Revell, 2012). Pagel’s i varies
from O (when a trait evolves independently to the
phylogeny) to 1 (when a trait evolves according to
Brownian motion) (Diniz-Filho ef al., 2012).

RESULTS

TAXONOMY
NERUDIA HUBER, 2000

Nerudia Huber, 2000: 87. Type species: Nerudia
atacama Huber, 2000.

Diagnosis: Small (total body length 1.4-1.9) eight-
eyed pholcids with relatively long legs (compared to
most other Ninetinae; leg 1 usually > 3 x total body
length; only shorter in the new species N. centaura),
with simple procursus (without dorsal flap, not strongly
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elongated), paired male cheliceral modifications (strong
hairs or pair of apophyses), with stridulatory files on
male chelicerae, with simple main (anterior) epigynal
plate and large posterior epigynal plate, without or
with simple (i.e. not tube-like) median receptacle-like
structure in female internal genitalia.

Description

Male. Measurements: Total body length 1.4-1.9,
carapace width 0.6-0.8. Legs relatively long (compared to
other Ninetinae), tibia 1 usually ~1.1-2.0 (longer in the
new species N. rocio, single male: 2.5); tibia 1 L/d 14-31;
metatarsus 1 length ~1.0-1.2 x tibia 1 length; tibia 2
always shorter than tibia 4 (tibia 2/tibia 4: 0.8-0.9).

Colour: Live specimens pale ochre-grey to light brown
(Fig. 1); carapace often with darker median mark;
abdomen colour variable, often darker than prosoma,
only in N. centaura distinctively lighter than prosoma
(Fig. 1C), without or with indistinct marks; legs without
dark or light bands. Colour in ethanol similar but paler.

Body: Ocular area barely raised, eight eyves, AME
relatively large (diameter: 35-50 pm, i.e. 60-85% of
PME diameter). Carapace without or with indistinct
thoracic groove (cf. Figs 7B, 114, 29A). Clypeus
usually barely modified, rim slightly more sclerotized
than in female, in N. none also more bulging than
in female, in some species with pair of shallow
indentations for genital bulbs at rest (Figs 7A, 11B).
Sternum wider than long, usually with pair of variably
distinct anterior processes near leg coxae 1, processes
apparently without pores (Fig. 29G); sternum
processes absent in N. centaura. Abdomen globular;
four epiandrous spigots arranged in two pairs (Figs
11F, 29H); ALS with seven spigots each (Fig. 30G):
one strongly widened spigot, one long pointed spigot
and five cylindrical spigots (one of which is unusually
large); PMS with two short, pointed spigots (Fig. 30G);
PLS without spigots (cf. Fig. 12D).

Chelicerae: Usually with pair of simple frontal
apophyses (e.g. Fig. 5G, H; absent in N. trigo), tip often
flat, i.e. wide in frontal view, pointed in lateral view
(Fig. 11C, D); often with patches or brushes of stronger
hairs; with stridulatory files on variably distinct
lateral protrusions (Figs 11B, C, 29C).

Palps: Coxa unmodified; trochanter with indistinct
ventral projection; femur cylindrical, slightly widened
distally, proximally without or with low retrolateral
hump, with prolateral stridulatory pick (modified
hair; Fig. 29E); patella short; tibia globular, with two
trichobothria; palpal tarsal organ raised, capsulate

(Figs 7E, 11E, 30C), with small opening (diameter of
opening ~1.6-1.9 pm); procursus simple, without dorsal
flap, not strongly elongated, straight or bent towards
dorsal, tip with complex cuticular microstructure (Fig.
29B); genital bulb with simple ventral apophysis and
dorsal embolus (e.g. Fig. 5F).

Legs: Without spines and curved hairs; usually with
short vertical hairs in higher density on tibia 1 or
tibiae 1 and 2 (Figs 8A, B, 30A; length of hairs ~20 pm).
Trichobothria in usual arrangement: three on each
tibia (except tibia 1: prolateral trichobothrium absent),
one on each metatarsus, slightly feathered (Fig. 30B);
length of dorsal trichobothrium on tibia 1: ~80 pm;
retrolateral trichobothrium of tibia 1 in distal position
(at 58-70% of tibia length). Metatarsi and tarsi with
dorsal rows of tiny pores with cuticular rim (diameter
of opening ~0.6 pm; cf. Fig. 18C, D). Tarsus 1 with six
to eight pseudosegments, distally distinct, proximally
usually indistinct; tarsus 4 distally with one comb-hair
on prolateral side (Fig. 12F); leg tarsal organs small,
capsulate (Fig. 30E), with small opening (diameter of
opening ~ 1.2-1.6 pm); three claws (Figs 12E, 18G).

Female: In general (size, colour, body shape), similar
to male but chelicerae without stridulatory files
(Figs 7D, 24F, 29D), sternum without pair of anterior
humps, palpal tarsal organ only weakly raised (Figs
12A, B, 24B), and leg tibiae with usual low number of
short vertical hairs; legs either slightly shorter than
in males or of same length (only in the new species N.
ola with reasonable sample size: male/female tibia 1
length: 1.08). Spinnerets, leg pores, leg tarsal organs
and comb-hairs as in male (Figs 7F, 8D-F, 18B, H, 24H,
30E, H). Main (anterior) epigynal plate rectangular
to trapezoidal or semi-circular, weakly protruding,
posteriorly straight or with variably distinct median
indentation (e.g. Figs 17A, 32A); posterior plate simple,
short but wide, usually wider than anterior plate.
Internal genitalia simple, sometimes with distinet
median receptacle-like structure (e.g. Figs 6B, 10B),
apparently without or with indistinct pair of pore
plates (arrows in Figs 10B, 14B, 23B).

Relationships: The molecular analysis of Eberle et
al. (2018) included only a single species of Nerudia
(‘N. Mich20’ = N. ola), which was placed (with
moderate support) as sister of the geographically close
Gertschiola macrostyla (Mello-Leitao, 1941). Both
genera together were placed in a clade with further
South American and Old World Ninetinae. The present
paper is not primarily focused on phylogeny and our
sampling does not include the type species N. atacama,
but our COI and karyotype data support the sister-
group relationship between Nerudia and Gertschiola
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(see Fig. 2; Supporting Information, Figs S1, S2;
and section on karyology). Preliminary analyses of
Ninetinae relationships based on hybrid enrichment
data (G. Meng ef al., unpublished data) also support
this sister-group relationship. Our new SEM data also
confirm the position of Nerudia among Ninetinae (in
particular the small opening of the tarsal organs).

In addition, the COI data suggest the existence of
three species groups within Nerudia that we consider
useful as working hypotheses: (1) the ola group, in-
cluding the new species N. guirnalda, N. nono, N. ola
and N. trigo; (2) the centaura group, including the new
species N. centaura, N. rocio and the undescribed N.
‘Arg23a’; and (3) the poma group, including the new
species N. hoguera, N. poma and the undescribed N.

‘Arg163’. One new species, N. colina, appears isolated.
The three groups appear neither supported nor contra-
dicted by morphology. The type species N. atacama and
the new N. flecha cannot be assigned with confidence
to any of these groups (no fresh material suitable for
sequencing is available of these two species).

Distribution: NerudiaiswidespreadintheArgentinean
and Chilean Andes, ranging at least from 24°S to 31°S,
and in the east up to the Cérdoba mountain ranges in
central Argentina (Fig. 3). See biogeographic analysis
for further details and distribution modelling.

Natural history: Most species were found in relatively
arid environments (Fig. 45A-F), and some seem to

(R &

atacama
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o - \
centaura fgp
AT
&a <— guirnalda f
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T =]
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/
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Figure 3. Known distribution of Nerudia in South America (inset) and of individual species. Regions in Chile: AT, Atacama;
COQ, Coquimbo. Provinces in Argentina: CA, Catamarca; COR, Cérdoba; JU, Jujuy; LR, La Rioja; SA, Salta; SJ, San Juan.
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tolerate extremely dry and cold conditions (see Natural
history section of N. centaura and biogeographical
analysis for further details). In a few cases, Nerudia
has been found in relatively humid forested areas,
e.g. N. guirnalda at El Rodeo or N. ola and N. poma
at Chumbicha (both: Argentina, Catamarca). Most
specimens were found by turning stones and rocks.
Two species (N. poma and N. trigo) were also found
on the ceilings of small cave-like shelters composed of
large rocks and boulders, Nerudia none was collected
by turning stones of a loosely built wall situated in
the sun (Fig. 45F). When disturbed, the spiders either
remained more or less motionless or they ran rapidly
a few centimetres over the rock surface; they seemed
reluctant to drop to the ground. Webs were not seen
in the field, but at least N. nono was observed to build
flimsy webs in small containers in the laboratory. In
most visited localities, only one species of Nerudia
was found; in a few cases, two or even three species
were found at a single locality, apparently in identical
microhabitats. Other pholcid spiders sharing the
microhabitats of Nerudia were Gertschiola macrostyla
and Guaranite Huber, 2000 spp. (Ninetinae), Chibchea
Huber, 2000 spp. and other small undescribed

representatives of Modisiminae, and an undescribed
species of Metagonia Simon, 1893 (Pholcinae). Egg
sacs were slightly flattened (but never reduced to a
single layer of eggs as in Guaranita) and consisted of
about eight to 18 eggs.

Composition: The genus now includes 11 described
species, ten of which are newly described below.

NERUDIA COLINA HUBER SP. NOV.
(F1Gs 1A, 4-8)

Zoobank registration: urn:lsid:zoobank.
org:act:7B358FEA-C1CA-4841-BBDA-
DF46379B51C0.

Diagnosis: Distinguished from known congeners
by shapes of procursus (Fig. 5A—C; with subdistal
ventral sclerite, partly semi-transparent flat tip) and
by armature of male chelicerae (Fig. 5G, H; frontal
apophysis with wide and flat tip, in frontal view
slightly bifid; similar to N. poma); from some congeners
also by bulbal processes (Fig. 5D-F; ventral apophysis

Figure 4. Nerudia colina sp. nov.; paratype male from Argentina, Jujuy, between San Salvador and Purmamarca (ZFMK
Ar 23883). Left palp, prolateral (A) and retrolateral (B) views. Abbreviations: b, genital bulb; ¢, coxa; e, embolus; f, femur; p,
procursus; pa, patella; ta, tarsus; ti, tibia; tr, trochanter; va, ventral apophysis. Scale line: 0.3 mm.
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A

Figure 5. Nerudia colina sp. nov.; paratype male and paratype female from Argentina, Jujuy, between San Salvador and
Purmamarca (ZFMK Ar 23883). A-C, left male palpal tarsus and procursus, prolateral, dorsal, and retrolateral views (arrow
points at distinctive subdistal sclerite). D-F, left male genital bulb, prolateral, dorsal, and retrolateral views. G, H, male
chelicerae, frontal and lateral views. I, cleared female genitalia, dorsal view. Abbreviations: e, embolus; r, ‘receptacle’; va,

ventral apophysis. Scale lines: 0.2 mm.

distally slender, curved towards ventral, same length
as embolus) and by epigynum and female internal
genitalia (Figs 51, 6; epigynal plate with indistinct
posterior and anterior median indentations; internal
genitalia with posteriorly wide open ‘receptacle’;
similar to N. guirnalda).

Type material: ARGENTINA - Jujuy: * g holotype;
between San Salvador and Purmamarca, ‘site 2’;

23.8849° S, 65.4613° W; 2150 m a.s.l.; 16-17 March
2019; B. A. Huber and M. A. Izquierdo leg.; LABRE-Ar
584 * 3 34, 4 29, paratypes (one male used for SEM);
same data as holotype; ZFMK Ar 23883.

Other material examined: ARGENTINA - Jujuy: » 14
29, in pure ethanol (two females used for SEM; three
female prosomata used for molecular study); same
data as holotype; ZFMK Argl78 « 2 99; same data as
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-

Figure 6. Nerudia colina sp. nov.; paratype female from Argentina, Jujuy, between San Salvador and Purmamarca (ZFMK
Ar 23883). A, abdomen and epigynum, ventral view. B, median structures in internal genitalia. C, D, cleared genitalia,
ventral and dorsal views. Scale lines: 0.2 mm (A, C, D), 0.1 mm (B).

holotype; LABRE-Ar 537 ¢ 1 g, 3 €9, in pure ethanol;
between San Salvador and Purmamareca, ‘sitel’;
23.8866° S, 65.4588° W; 2100 m a.s.l.; under rocks;
16-17 Mar. 2019; B. A. Huber and M. A. Izquierdo leg.;
LABRE-Ar 549 = 2 99, 1 juv,, in pure ethanol; same
data as preceding; LABRE-Ar 559.

Etymology: The species epithet colina (Spanish for
‘hill’) is taken from Pablo Neruda's poem ‘Poema 1’;
noun in apposition.

Description

Male (holotype). Measurements: Total body length
1.75, carapace width 0.72. Distance PME-PME 70
pm; diameter PME 50 pm; distance PME-ALE 20 pm;
distance AME-AME 15 pm; diameter AME 40 pm. Leg
1: 5.94 (1.60 + 0.27 + 1.60 + 1.77 + 0.70), tibia 2: 1.37,
tibia 3: 1.10, tibia 4: 1.50; tibia 1 L/d: 21.

Colour (in ethanol): Prosoma and legs mostly pale
ochre-grey; ocular area, thoracic groove, and clypeus
light brown; legs without dark rings; abdomen
monochromous grey.

Body: Habitus as in N. poma (cf. Fig. 1B). Ocular area
barely raised. Carapace with indistinet thoracic groove.

Clypeus unmodified except for pair of indentations for
genital bulb at rest (Fig. 7A). Sternum wider than long
(0.52/0.36), with pair of distinct anterior processes
near coxae 1. Abdomen globular.

Chelicerae: As in Figure 5G, H; pair of frontal apophyses
directed downwards, with slightly bifid tip slightly
flattened in lateral view (Fig. 7A, C); stridulatory files on
pair of low lateral protrusions (Fig. 7C).

Palps: As in Figure 4; coxa unmodified; trochanter with
indistinct ventral projection; femur cylindrical, only
slightly widened distally, proximally with indistinct
retrolateral hump and prolateral stridulatory pick
(modified hair); patella short; tibia globular; procursus
(Fig. 5A-C) simple, in lateral view slightly directed
towards dorsal, with distinctive subdistal ventral sclerite
and partly semi-transparent flat tip; genital bulb (Fig.
5D-F) with ventral apophysis distally slender, curved
towards ventral, embolus partly membranous.

Legs: Without spines and curved hairs; with slightly
higher than usual density of short vertical hairs on tibia
1 (Fig. 8A, B); retrolateral trichobothrium of tibia 1 at
70%; prolateral trichobothrium absent on tibia 1; tarsus
1 with seven to eight pseudosegments, distally distinct.
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546 B.A HUBERETAL.

Figure 7. Nerudia colina sp. nov.; male and female from Argentina, Jujuy, between San Salvador and Purmamarca (ZFMK
Ar 23883 and ZFMK Arg178). A, male clypeus and chelicerae, frontal view (arrows point at indentations for genital bulb
at rest). B, female prosoma, frontal view. C, left male chelicera, frontal view. D, female chelicerae and right palp, proximal
segments, lateral view. E, male palpal tarsal organ. F, female tarsal organ on tarsus 1. Scale lines: 20 pm (A), 100 pm (B, D),

10 pym (C), 2 pm (E, F).

Variation (male): Tibia 1 in five males (including
holotype): 1.50-1.73 (mean 1.62). Abdomen variably
dark.

Female: Ingeneral,similar to male but sternum without
pair of anterior humps and tibiae with few vertical
hairs. Tibia 1 in nine females: 1.37-1.63 (mean 1.49).
Epigynum (Fig. 6A) anterior plate weakly protruding,
with anterior and indistinct posterior indentations;
posterior plate large, simple. Internal genitalia (Figs 51,
6B-D) with posteriorly wide open ‘receptacle’,

Distribution: Known only from type locality in Jujuy,
Argentina (Fig. 3).

Natural history: The spiders were found by turning
stones and rocks on an arid slope (Fig. 45A). They
shared the microhabitat with a second species of

Ninetinae, an unidentified species of Guaranita. They
seemed to prefer large stones and rocks that were close
to vegetation. When disturbed, they ran rapidly but
remained on the rock. No webs were seen.

NERUDIA POMA HUBER SP. NOV.
(FiGs 1B, 9-12)

Zoobank registration: urn:lsid:zoobank.
org:act:425882CF-A239-4258-BADC-CD03F44F3C54.

Nerudia atacama (misidentification; see Note below) —
Torres et al., 2015: 5, fig. 4C, D.

Diagnosis: Distinguished from known congeners by
shapes of procursus (Fig. 9A—-C; distally slender, slightly
bent towards dorsal and divided into sclerotized dorsal
and transparent ventral part; similar to N. hoguera)
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Figure 8. Nerudia colina sp. nov.; male and female from Argentina, Jujuy, between San Salvador and Purmamarca (ZFMK
Ar 23883 and ZFMK Arg178). A, detail of male left tibia 1, prolateral view. B, hairs on male tibia 1. C, female palpal tibia,
dorsal view. D, female left tarsus 4, prolateral view (arrow points at comb-hair). E, F, female ALS. Scale lines: 20 pm (A), 10

pm (B-F).

and by armature of male chelicerae (Fig. 9G, H; frontal
apophyses with wide, flattened tip; set with strong
hairs); also by shapes of bulbal processes (Fig. 9D-F;
ventral apophysis short, slightly curved towards
ventral, same length as embolar process) and by
epigynum and female internal genitalia (Figs 91, 10;
epigynal plate rectangular, posterior margin weakly
curved; internal genitalia with cylindrical ‘receptacle’,
with median sclerite similar to N. hoguera).

Type material: ARGENTINA - Salta: * 3 holotype;
~15 km NW Campo Quijano; 24.7918° S, 65.7297°
W; 2020 m a.s.l.; 19 Mar. 2019; B. A. Huber and M. A.
Izquierdo leg.; LABRE-Ar 585 * 7 33, 5 9, paratypes
(one male used for SEM; two male abdomens used for
karyotype study; two males and three females used for
p-CT study); same data as holotype; ZFMK Ar 23884.

Other material examined: ARGENTINA - Salta: » 9 99,
in pure ethanol (one female used for SEM; three prosomata
used for molecular study); same data as holotype; ZFMK
Argl84 » 2 34, 2 99; Cabra Corral, ‘site 3, ~3.5 km SE of
dam; 25.2907° S, 65.3057° W; 1000 m a.s.1; 21 Mar. 2019;
B. A. Huber and M. A. Izquierdo leg.; ZFMK Ar 23885
* 399, 1 juv., in pure ethanol; same data as preceding;
ZFMK Argl95 » 2 34, 2 29 (one male and one female
used for p-CT study); Cabra Corral, ‘site 4’, W end of
bridge; 25.2837° S, 65.3939° W; 1050 m a.s.l.; under rocks;
21-22 Mar. 2019; B. A. Huber and M. A. Izquierdo leg.;
ZFMK Ar 23886 » 1 &, 3 99, 3 juvs, in pure ethanol; same
data as preceding; ZFMK Argl197 * 1 3, 3 99, 9 juvs; same
data as preceding; LABRE-Ar 540, 565. Catamarca: *
1 &; ~5 km NW Chumbicha, near Balneario El Caolin,
‘site 2’; 28.8109° S, 66.2500° W; 640 m a.s.l; steep rock
field in forest; 28-29 Mar. 2019; B. A. Huber and M. A.
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Figure 9. Nerudia poma sp. nov.; paratype male and paratype female from Argentina, Salta, 15 km NW Campo Quijano
(ZFMK Ar 23884). A-C, left male palpal tarsus and procursus, prolateral, dorsal, and retrolateral views. D-F, left male
genital bulb, prolateral, dorsal, and retrolateral views. G, H, male chelicerae, frontal and lateral views. I, cleared female
genitalia, dorsal view (arrow points at median sclerite). Scale lines: 0.2 mm.

Izquierdo leg.; ZFMK Ar 23887. La Rioja: ® 1 4, in pure
ethanol; SE Aimogasta, ‘site 2"; 28.9015° S, 66.6538° W;
755 m a.s.l; under rocks; 10 Mar. 2019; B. A. Huber and
M. A. Izquierdo leg.; LABRE-Ar 558.

Assigned tentatively (only females available, identity
uncertain): ARGENTINA - Salta: » 2 ¢¢; ~5 km W
Cafayate, ‘site 1’; 26.0641° S, 66.0294° W; 2060 m a.s.1;
on rocks in small shelters; 24 Mar. 2019; B. A. Huber

and M. A. Izquierdo leg.; ZFMK Ar 23888 * 5 99, in
pure ethanol; same data as preceding; ZFMK Arg208
4 99, 5 juvs, in pure ethanol; same data as preceding;
LABRE-Ar 557 ¢ 1 9, 1 juv.; Chuscha, 6 km NW
Cafayate; ~26.035° S, 66.017° W; ~1900 m a.s.1.; 17 Jul.
1995; M. Ramirez and P. Goloboff leg.; MACN 20094.

Note: We have not re-examined the two male
specimens from Salta Province assigned to V. atacama
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Figure 10. Nerudia poma sp. nov,; paratype female from Argentina, Salta, 15 km NW Campo Quijano (ZFMK Ar 23884). A,
abdomen and epigynum, ventral view. B, median structures in internal genitalia. C, D, cleared genitalia, ventral and dorsal

views. Scale lines: 0.2 mm (A, C, D), 0.1 mm (B).

by Torres et al. (2015), However, the types of the new
species described herein originate from 6.5 km SE of
the locality reported in Torres et al. (2015), in the same
river valley at a similar elevation. In addition, the
procursus shown in Torres et al. (2015: fig. 4D) agrees
well with the one shown in Figure 9C.

Etymology: The species epithet poma (Spanish for
‘apple’) is taken from Pablo Neruda’s poem ‘Virese’;
noun in apposition.

Description

Male (holotype). Measurements: Total body length
1.44, carapace width 0.64. Distance PME-PME 80
pm; diameter PME 60 pm; distance PME-ALE 20 pm;
distance AME-AME 15 pm; diameter AME 35 pm. Leg
1:5.26 (1.45 + 0.20 + 1.43 + 1.53 + 0.65), tibia 2: 1.20,
tibia 3: 1.00, tibia 4: 1.40; tibia 1 L/d: 20.

Colour (in ethanol): Prosoma and legs pale ochre-
yellow; with darker Y-mark on carapace; legs without
dark rings; abdomen light grey.

Body: Habitus as in Figure 1B. Ocular area barely
raised. Carapace with indistinct thoracic groove.
Clypeus unmodified, only at rim slightly sclerotized.

Sternum wider than long (0.48/0.38), with pair of low
anterior processes near coxae 1. Abdomen globular.

Chelicerae: As in Figure 9G, H; with pair of short
frontal apophyses slightly pointing downward and set
with strong hairs, with wide, flattened tip pointed in
lateral view (Fig. 11B-D); stridulatory files on pair of
low lateral protrusions (Fig. 11B, C).

Palps: In general, similar to N. colina (cf. Fig. 4);
coxa unmodified; trochanter with indistinct ventral
projection; femur cylindrical, slightly widened distally,
proximally with indistinct retrolateral hump and
prolateral stridulatory pick (modified hair), femur
length/width: 1.91; patella short; tibia globular (length/
width: 1.15); procursus simple (Fig. 9A-C), distally
slender, curved towards dorsal, divided into sclerotized
dorsal and transparent ventral part; genital bulb
with ventral apophysis short, slightly curved towards
ventral; embolus partly membranous.

Legs: Without spines and curved hairs; with vertical
hairs in two rows (prolateral, retrolateral) on tibia
1 only; retrolateral trichobothrium of tibia 1 at 67%;
prolateral trichobothrium absent on tibia 1; tarsus
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Figure 11. Nerudia poma sp. nov.; male and female from Argentina, Salta, 15 km NW Campo Quijano (ZFMK Ar 23884,
ZFMK Argl84). A, female prosoma, frontal view. B, male clypeus and chelicerae, oblique distal view. C, D, right male chelicera,
frontal views. E, male palpal tarsal organ. F, male gonopore. Scale lines: 100 pm (A), 20 pm (B), 10 pm (C, D, F), 2 pm (E).

1 with ~six to seven pseudosegments, only distally
distinct.

Variation (male): Tibia 1 in nine males from Salta
(including holotype): 1.27-1.50 (mean 1.41); in male
from Catamarca: 1.47; in male from La Rioja: 1.35.
The chelicerae and palps of the male from Catamarca
appear indistinguishable from those from Salta.

Female: In general, similar to male but sternum
without pair of anterior humps and tibiae with few
vertical hairs, Tibia 1 in eight females: 1.30-1.50 (mean
1.42). Epigynum (Fig. 10A) anterior plate rectangular,
posterior margin indented; posterior plate wide but
short. Internal genitalia (Figs 91, 10B-D) with median
cylindrical ‘receptacle’ and median sclerite.

Distribution: Known from several localities in Salta
Province, Argentina, and from one locality each in
Catamarca and La Rioja (Fig. 3).

Natural history: At the type locality (Fig. 45B),
the spiders were found by turning large rocks. At
disturbance they started to run over the rock surface
but did not drop to the ground. They shared the
microhabitat with Chibchea araona(?). At Cabra Corral
‘site 3’, the spiders were found sitting on the undersides
of large boulders, i.e. on the ceilings of small cave-like
spaces under the rocks. At Cabra Corral ‘site 4’, the
spiders were found under small stones on the floor of
a small cave/shelter. Near Chumbicha, the single male
specimen was found at the same locality as N. ola.

NERUDIA HOGUERA HUBER SP. NOV.,
(F1Gs 13, 14)

Zoobank registration: urn:lsid:zoobank.
org:act:D72E218E-77C9-4026-AF20-DE2D591CFB4F.

Diagnosis: Distinguished from known congeners
by armature of male chelicerae (Fig. 13G, H;
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Figure 12. Nerudia poma sp. nov.; male and female from Argentina, Salta, 15 km NW Campo Quijano (ZFMK Ar 23884,
ZFMK Arg184). A, tip of female pedipalp, dorsal view; arrow points at tarsal organ. B, female palpal tarsal organ. C, left
female ALS and PMS. D, left female PLS. E, male left tarsus 1 tip, prolateral view. F, male left tarsus 4 tip, prolateral view;

arrow: comb-hair. Scale lines: 10 pm (A, C-F), 2 pm (B).

frontal apophyses in lateral position, relatively
long, tip flattened, i.e. wide in frontal view, pointed
in lateral view), by shape of procursus (Fig. 13A—
C; slender, with simple pointed tip; similar to N.
poma), by bulbal processes (Fig. 13D-F; ventral
apophysis almost straight, longer than embolus),
and by epigynum and female internal genitalia
(Figs 131, 14; epigynal plate with wide posterior
indentation; internal genitalia with large median
‘receptacle’, with median sclerite similar to N.
poma).

Type material: ARGENTINA - La Rioja: * 3 holotype;
between Chilecito and Famatina; 29.0027° S, 67.4855°
W; 1300 m a.s.l.; 9 Mar. 2019; B. A. Huber and M. A.
Izquierdo leg.; LABRE-Ar 586 * 2 9Q paratypes; same
data as holotype; ZFMK Ar 23889.

Other material examined: ARGENTINA - La Rioja:
* 3 99 in pure ethanol; same data as holotype; ZFMK
Arglhs9.

Etymelogy: The species epithet hoguera (from Spanish
meaning ‘bonfire’) is taken from Pablo Neruda’s poem
‘Soneto 22'; noun in apposition.

Description

Male (holotype). Measurements: Total body length
1.53, carapace width 0.68. Distance PME-PME 60
pm; diameter PME 60 pm; distance PME-ALE 20 pm;
distance AME-AME 15 pm; diameter AME 40 pm. Leg
1: 5.73 (1.55 + 0.25 + 1.60 + 1.73 + 0.60), tibia 2: 1.35,
tibia 3: 1.10, tibia 4: 1.50; tibia 1 L/d: 23.
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Figure 13. Nerudia hoguera sp.nov.; holotype male (LABRE-Ar 586) and paratype female (ZFMK Ar 23889) from Argentina,
La Rioja, between Chilecito and Famatina. A-C, left male palpal tarsus and procursus, prolateral, dorsal, and retrolateral
views. D-F, left male genital bulb, prolateral, dorsal, and retrolateral views. G, H, male chelicerae, frontal and lateral views.

I, cleared female genitalia, dorsal view. Scale lines: 0.2 mm.

Colour (in ethanol): Prosoma and legs pale ochre-
yellow; with indistinct ochre mark medially on carapace;
legs without dark rings; abdomen monochromous light
grey.

Body: Habitus as in N. poma (cf. Fig. 1B). Ocular area
barely raised. Carapace with indistinct thoracie groove.
Clypeus unmodified, only at rim slightly sclerotized.
Sternum wider than long (0.48/0.44), with pair of distinet
anterior processes near coxae 1. Abdomen globular.

Chelicerae: As in Figure 13G, H; with pair of frontal
apophyses in lateral position, directed forward,
tip flattened, i.e. wide in frontal view, pointed in
lateral view; stridulatory files on pair of low lateral
protrusions.

Palps: In general, similar to N. colina (cf. Fig. 4); coxa
unmodified; trochanter with indistinct ventral projection;
femur cylindrical, slightly widened distally, proximally
with indistinct retrolateral hump and prolateral
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Figure 14. Nerudia hoguera sp. nov.; paratype female from Argentina, La Rioja, between Chilecito and Famatina (ZFMK
Ar 23889). A, abdomen and epigynum, ventral view. B, median structures in internal genitalia (arrow points at possible pore
plate). C, D, cleared genitalia, ventral and dorsal views. Scale lines: 0.2 mm (A, C, D), 0.1 mm (B).

stridulatory pick (modified hair), femur relatively short
(length/width: 1.81); patella short; tibia globular (length/
width: 1.05); procursus simple (Fig. 13A—C), slender,
with simple pointed tip; genital bulb with weakly curved
ventral apophysis, embolus partly membranous, shorter
than ventral apophysis (Fig. 13D-F).

Legs: Without spines and curved hairs; with vertical
hairs in two rows (prolateral, retrolateral) proximally
on tibia 1 only; retrolateral trichobothrium of tibia
1 at 65%; prolateral trichobothrium absent on tibia
1; tarsus 1 with ~eight pseudosegments, distally
distinct.

Female: In general, similar to male but sternum
without pair of anterior humps. Tibia 1 in five females:
1.20-1.55 (mean 1.46). Epigynum (Fig. 14A) anterior
plate weakly protruding, trapezoidal, with wide
posterior indentation; posterior plate large, simple.
Internal genitalia (Figs 131, 14B, D) with large median
‘receptacle’ and sclerite at median line.

Distribution: Known from type locality only, in
Argentina, La Rioja (Fig. 3).

Natural history: The spiders were found by turning
rocks in ravines on an arid slope. When disturbed,
they moved slowly. They shared the microhabitat with
two other Ninetinae: Nerudia ola and Gertschiola
macrostyla.

NERUDIA CENTAURA HUBER SP. NOV.
(FiGs 1C, D, 15-18)

Zoobank registration: urn:lsid:zoobank.
org:act:124FC4AB-B9TD-445C-AD11-C3604843AED3.

Diagnosis: Easily distinguished from known
congeners by dark coloration of prosoma (Fig. 1C, D),
by shape of procursus (Fig. 16A-C; dorsal hump at
basis, strongly bent towards dorsal, pointed tip), by
bulbal processes (Fig. 16D-F; strong pointed ventral
apophysis; embolus slightly shorter, with strong
dorsal sclerite), by male chelicerae (Fig. 16G, H; strong
frontal apophyses with flattened tips; stridulatory
files on strong lateral protrusion), and by epigynum
and female internal genitalia (Figs 161, 17; epigynal
plate with large, whitish posterior indentation angular
anteriorly; internal genitalia with indistinct posterior

© 2023 The Linnean Society of London, Zoological Journal of the Linnean Society, 2023, 198, 534-591

171

$20Z AINF L0 UO JBsn Yaqezay [8JeM Aq L8G9L0LIVES/Z/26 L/AI0IME/UBBULI00Z/WOD dNO"DILIBPEDE//SUY WOl PapeojumMoq



554 B.A HUBERETAL.

Figure 15. Nerudia centaura sp. nov.,; non-type male from Argentina, Catamarca, 20 km E Paso de San Francisco (ZFMK
Ar 23891). Left palp, prolateral (A) and retrolateral (B) views. Scale line: 0.3 mm.

‘receptacle’ and unique anterior tubular membranous
structure).

Type material: ARGENTINA - Catamarca: * 3
holotype; ~20 km E Paso de San Francisco, ‘site 1;
26.9276° S, 68.0709° W; 4180 m a.s.1.; 27 Mar. 2019;
B. A. Huber and M. A. Izquierdo leg.; LABRE-Ar 587
* 14,2 99, paratypes; same data as holotype; ZFMK
Ar 23890.

Other material examined: ARGENTINA -
Catamarca: * 6 99, 3 juvs, in pure ethanol; same data
as holotype; ZFMK Arg215 * 4 33, 6 99; same data
as holotype; LABRE-Ar 526 ¢ 3 99, 7 juvs, in pure
ethanol; same data as holotype; LABRE-Ar 542 ¢ 3 33,
5 9@ (one male and two females used for p-CT study);
~20 km E Paso de San Francisco, ‘site 2'; 26.936° S,
68.090-68.095° W; 4270-4400 m a.s.1.; 27 Mar. 2019; B.
A. Huber and M. A. Izquierdo leg.; ZFMK Ar 23891 = 6
9¢, 2 juvs, in pure ethanol (one female used for SEM;
three female prosomata used for molecular study);
same data as preceding; ZFMK Arg216 = 4 34,1 ¢;
same data as preceding; LABRE-Ar 527 * 6 99, 3 juvs,
in pure ethanol; same data as preceding; LABRE-Ar
551 » 1 @; same data as preceding but 4450 m a.s.l;
ZFMK Ar 23892,

Etymology: The species epithet centaura (Spanish for
‘female centaur’) is taken from Pablo Neruda's poem
‘Soneto 22'; noun in apposition.

Description

Male (holotype). Measurements: Total body length
1.9, carapace width 0.77. Distance PME-PME 90 pm;
diameter PME 55 pm; distance PME-ALE 30 pm;
distance AME-AME 20 pm; diameter AME 40 pm. Leg
1: 4.55 (1.25 + 0.25 + 1.30 + 1.30 + 0.45), tibia 2: 1.10,
tibia 3: 1.00, tibia 4: 1.38; tibia 1 L/d: 14.

Colour (in ethanol): Prosoma and legs ochre to
light brown; legs without dark rings; abdomen
monochromous pale grey.

Body: Habitus as in Figure 1C. Ocular area barely
raised. Carapace without thoracic groove. Clypeus
unmodified. Sternum wider than long (0.56/0.48),
without anterior processes. Abdomen globular.

Chelicerae: As in Figure 16G, H; pair of frontal
apophyses directed downwards, with obtuse tip
slightly flattened; stridulatory files on pair of distinct
lateral protrusions.
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Figure 16. Nerudia centaura sp. nov.; non-type male and non-type female from Argentina, Catamarca, 20 km E Paso de
San Francisco (ZFMK Ar 23891). A-C, left male palpal tarsus and procursus, prolateral, dorsal, and retrolateral views;
arrow points at dorsal hump at basis of procursus. D-F, left male genital bulb, prolateral, dorsal, and retrolateral views. G,
H, male chelicerae, frontal and lateral views. I, cleared female genitalia, dorsal view. Scale lines: 0.2 mm.

Palps: As in Figure 15; coxa unmodified; trochanter
with indistinct ventral projection; femur cylindrical,
only slightly widened distally, proximally with
indistinct retrolateral hump and prolateral
stridulatory pick (modified hair); patella short; tibia
globular; procursus (Fig. 16A-C) simple, in lateral
view bent towards dorsal, in dorsal view bent towards
prolateral, with pointed tip; genital bulb (Fig. 16D-F)
large, with strong pointed ventral apophysis, embolus
partly membranous, dorsally with distinct sclerite.

Legs: Without spines and curved hairs; vertical
hairs in high densities on tibiae 1-2; retrolateral
trichobothrium of tibia 1 at 68%; prolateral

trichobothrium absent on tibia 1; tarsus 1 with six to
seven pseudosegments, distally distinct.

Variation (male): Tibia 1 in 12 males (including
holotype): 1.15-1.33 (mean 1.26).

Female: In general, similar to male (Fig. 1D) but with
usual low density of vertical hairs on tibiae. Tibia 1
in 22 females: 1.07-1.48 (mean 1.28). Epigynum (Fig.
17A) anterior plate weakly protruding, with large,
whitish posterior indentation; posterior plate large,
simple. Internal genitalia (Figs 161, 17B—-E) with
simple ‘receptacle’ (Fig. 17C) and unique tubular
membranous structure in anterior position (possibly
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Figure 17. Nerudia centaura sp. nov.; non-type female from Argentina, Catamarca, 20 km E Paso de San Francisco (ZFMK
Ar 23891). A, abdomen and epigynum, ventral view. B, anterior median tube-like structure in internal genitalia (arrow). C,
posterior median structures in internal genitalia; arrow: ‘receptacle’. D, E, cleared genitalia, ventral and dorsal views. Scale

lines: 0.2 mm (A, D, E), 0.1 mm (B, C).

opening towards the outside, not towards the uterus
externus).

Distribution: Known from two neighbouring localities
in Argentina, Catamarca (Fig. 3).

Natural history: Bothlocalitiesweresimilar,dominated
by rocks and grasses [possibly Calamagrostis crispa
(Rugolo & Villav.) Govaerts; Julieta Carilla, pers.
comm. August 2020] (Fig. 45C). The precipitation in
this area is low (~150 mm mean annual precipitation)
and largely limited to three months per year (~70%
in December—February) (https://www.meteoblue.com/).
We visited the locality at the end of the ‘humid’ season,
in March, and often found humid patches of soil under
large rocks, with considerable numbers of small,
whitish collembolans. At the lower site (4180 m a.s..),
this microhabitat seemed to contain little else than
one species each of collembolans, pholcids, linyphiids
and ants. At the higher site (4270-4450 m a.s.1.), the

diversity seemed to be slightly higher, including, in
addition, a species each of theridiids, filistatids and
neopteran insects. At both localities, the pholcids were
found sitting on the undersides of the rocks. They
did not move and were thus easy to catch, Of the 36
females seen, only one had an egg-sac.

Precise climate data do not exist for these localities,
but simulations of meteorological models (https:/www.
meteoblue.com/) suggest that temperatures fall below
0 °C almost every night of the year, with daily minima
below —10 °C for seven months (April-October). In
2019, the temperatures repeatedly dropped below
—20 °C in this period.

NERUDIA ROCIO HUBER SP. NOV.
(F1Gs 19-21)

Zoobank registration: urn:lsid:zoobank.
org:act:9245D3BD-222C-4C15-8D99-
7D3CB98F848B.
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Figure 18, Nerudia centaura sp. nov.; female from Argentina, Catamarea, 20 km E Paso de San Francisco (ZFMK Arg216).
A, epigynum, ventral view; arrow: possibly entry into tube-like internal structure. B, female ALS and PMS. C, putative
glandular pores on female tarsus 3. D, glandular pore and slit sensillum(?) on female tarsus 4. E, tarsal organ on female
tarsus 3. F, tip of female right tarsus 1, retrolateral view. G, tip of female right tarsus 3, retrolateral view. H, tip of female
left tarsus 4, prolateral view; arrow: comb-hair. Seale lines: 100 pm (A), 10 pm (B, C, F-H), 2 pm (D, E).

Diagnosis: Easily distinguished from known congeners
by shapes of procursus (Fig. 20A-C; distinctively
widened tip); also by shape of embolus (Fig. 20D-F;
distally strongly bent towards dorsal), by armature
of male chelicerae (Fig. 20G, H; slender frontal
apophyses, without stronger hairs), by epigynum and
female internal genitalia (Figs 201, 21; epigynal plate
anteriorly narrow with strong transversal ridges;
internally apparently without ‘receptacle’), and by
indistinct radial marks on carapace in males and
females.

Type material: ARGENTINA-San Juan: * g holotype;
~35 km W Las Flores; 30.3967° S, 69.5576° W; 2910 m
a.s.l.; 6 Mar. 2019; B. A. Huber and M. A. Izquierdo leg.;
LABRE-Ar 588 » 2 33, 5 @9, paratypes, + 2 juvs; same
data as holotype; LABRE-Ar 536.

Other material examined: ARGENTINA - San Juan:
* 2 99, in pure ethanol; same data as holotype; ZFMK
Argl48 (one female abdomen transferred to 80%
ethanol, ZFMK Ar 23893) # 1 @, in pure ethanol; same
data as holotype; LABRE-Ar 543.
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Figure 19. Nerudia rocio sp. nov.; holotype male from Argentina, San Juan, 35 km W Las Flores (LABRE-Ar 588). Left palp,

prolateral (A) and retrolateral (B) views. Scale line: 0.3 mm.

Etymology: The species epithet rocio (rocio is Spanish
for ‘dew’) is taken from Pablo Neruda’s poem ‘Poema
12'; noun in apposition.

Description

Male (holotype). Measurements: Total body length
1.60, carapace width 0.73. Distance PME-PME 80
pm; diameter PME 70 pm; distance PME-ALE 30 pm;
distance AME-AME 20 pm; diameter AME 50 pm. Leg
1: 8.40 (2.25 + 0.30 + 2.50 + 2.55 + 0.80), tibia 2: 1.85,
tibia 3: 1.45, tibia 4: 2.00; tibia 1 L/d: 31.

Colour (in ethanol): Carapace ochre-yellow with
indistinct darker (ochre) median mark including ocular
area and radial lateral marks; legs monochromous
ochre-yellow, without dark rings; abdomen
monochromous ochre-grey.

Body: Habitus similar to N. poma (cf. Fig. 1B). Ocular
area barely raised. Carapace with indistinct thoracic
groove. Clypeus unmodified, only rim slightly more
sclerotized. Sternum wider than long (0.52/0.48),
with pair of distinct anterior processes near coxae 1.
Abdomen globular.

Chelicerae: As in Figure 20G, H; pair of pointed
frontal apophyses directed forward and weakly curved
downward; stridulatory files on pair of low lateral
protrusions.

Palps: As in Figure 19; coxa unmodified; trochanter
with indistinct ventral projection; femur cylindrical,
slightly widened distally, proximally without
retrolateral hump, with prolateral stridulatory pick
(modified hair), femur length/width: 1.93; patella
short; tibia globular, less strongly widened than
in congeners (length/width: 1.17); procursus with
distinctive distal widening and proximal dorsal
ridge (Fig. 20A—C); genital bulb with simple ventral
apophysis, embolus distally strongly bent towards
dorsal (Fig. 20D-F).

Legs: Without spines and curved hairs; with vertical
hairs in higher density on tibia 1, only proximally
on prolateral and retrolateral sides (length ~20
pm; length of dorsal trichobothrium on tibia 1: ~80
pm); retrolateral trichobothrium of tibia 1 at 66%;
prolateral trichobothrium absent on tibia 1; tarsus
1 with seven to eight pseudosegments, distally
distinct.
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Figure 20. Nerudia rocio sp. nov.; holotype male (LABRE-Ar 588) and non-type female (ZFMK Ar 23893) from Argentina,
San Juan, 35 km W Las Flores. A-C, left male palpal tarsus and procursus, prolateral, dorsal, and retrolateral views. D-F,
left male genital bulb, prolateral, dorsal, and retrolateral views. G, H, male chelicerae, frontal and lateral views. I, cleared

female genitalia, dorsal view. Scale lines: 0.2 mm.

Variation (male): Tibia 1 in two other males: 2.10,
2.12.

Female (see Note below): In general, similar to male
but sternum without pair of anterior humps. Tibia 1
in seven females: 1.61-2.00 (mean 1.80). Epigynum
(Fig. 21A) anterior plate weakly protruding, anteriorly
narrow with strong transversal ridges; posterior plate
large, simple. Internal genitalia (Figs 201, 21B-D)

simple, apparently without or with small and indistinct
median receptacle.

Distribution: Known from type locality only, in
Argentina, San Juan (Fig. 3).

Natural history: The spiders were collected by turning
large rocks on an arid hillside (Fig. 45D). They shared
the microhabitat with another (undescribed) species
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Figure 21. Nerudia rocio sp. nov.; non-type female from Argentina, San Juan, 35 km W Las Flores (ZFMK Ar 23893). A,
abdomen and epigynum, ventral view. B, median structures in internal genitalia. C, D, cleared genitalia, ventral and dorsal

views. Scale lines: 0.2 mm (A, C, D), 0.1 mm (B).

of Nerudia (N. ‘Arg23a’), of which only females were
collected (see Note below). A third species collected at
this locality (possibly N. ola; see Note below) was found
closer to the river.

Note: Eighteen female specimens representing three putative
species of Nerudia were collected at the type locality of this
species. Eight specimens share with the male holotype (and
male paratypes) the radial marks on the carapace and the
relatively long legs. We thus consider these to be conspecific
with the holotype. However, this needs confirmation, ideally by
collecting males of the other putative species and by barcoding
males and females. One female specimen shares with N. ola
the shape of the epigynum and is thus tentatively assigned
to that species. The remaining nine female specimens have
a distinctive epigynum (Fig. 37A) and their separation from
N. rocio and N. ola is also supported by COI (Fig. 2). They are
thus considered to represent a separate undescribed species,
Nerudia ‘Arg23a’ (see Putative further species at the end of
the taxonomic section).

NERUDIA TRIGO HUBER SP. NOV.
(F1GS 1E, 22-24)

Zoobank registration: urn:lsid:zoobank.
org:act:2D2F4A08-7C18-4ED6-8894-FE391F17E6C6.

Diagnosis: Easily distinguished from known
congeners by male chelicerae (Fig. 22G, H; without
frontal apophyses, with patches of strong hairs);
also by shapes of procursus (Fig. 22A-C; similar to
N. guirnalda, but without prolateral-ventral ridge
proximally), by bulbal processes (Fig. 22D-F; ventral
apophysis distally slender, curved towards ventral,
same length as embolar process), and by epigynum and
female internal genitalia (Figs 221, 23; epigynal plate
with short but wide posterior indentation, laterally
strongly sclerotized; internal genitalia with indistinct
‘receptacle’.

Type material: ARGENTINA - Salta: » g holotype;
between Alemania and Cafayate; 25.7023° S, 65.7022°
W; 1340 m a.s.l,; 23 Mar. 2019; B. A. Huber and M. A.
Izquierdo leg.; LABRE-Ar 589 » 1 g, 2 99, paratypes;
same data as holotype; ZFMK Ar 23894.

Other material examined: ARGENTINA - Salta:
10 29, 2 juvs, in pure ethanol (one female used for
SEM; three female prosomata used for molecular
study); same data as holotype; ZFMK Arg206 * 3 33;
same data as holotype; LABRE-Ar 539 * 1 &; ~1 km
SW Alemania; 25.6300° S, 65.6180° W; 1210 m a.s.1;
23 Mar. 2019; B. A. Huber and M. A. Izquierdo leg.;
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Figure 22. Nerudia trige sp. nov.; paratype male and paratype female from Argentina, Salta, between Alemania and
Cafayate (ZFMK Ar 23894). A-C, left male palpal tarsus and procursus, prolateral, dorsal, and retrolateral views. D-F,
left male genital bulb, prolateral, dorsal, and retrolateral views. G, H, male chelicerae, frontal and lateral views. I, cleared

female genitalia, dorsal view. Scale lines: 0.2 mm.

ZFMK Ar 23895 * 1 9, in pure ethanol; same data as
preceding; ZFMK Arg202 ¢ 2 99, 1 juv., in pure ethanol;
same data as preceding; LABRE-Ar 550.

Etymology: The species epithet trigo (Spanish for
‘wheat’) is taken from Pablo Neruda's poem ‘Cien
sonetos de amor’; noun in apposition.

Description

Male (holotype). Measurements: Total body length
1.70, carapace width 0.77. Distance PME-PME 80

pm; diameter PME 65 pm; distance PME-ALE 20 pm;
distance AME-AME 20 pm; diameter AME 50 pm. Leg
1: 7.50 (2.10 + 0.30 + 1.95 + 2.40 + 0.75), tibia 2: 1.80,
tibia 3: 1.60, tibia 4: 2.10; tibia 1 L/d: 22.

Colour (in ethanol): Prosoma and legs mostly pale ochre-
yellow; darker ochre Y-mark behind ocular area; legs
without dark rings; abdomen monochromous pale grey.

Body: Habitus as in N. poma (cf. Fig. 1B). Ocular
area barely raised. Carapace with indistinct thoracic
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Figure 23. Nerudia trigo sp. nov.; paratype female from Argentina, Salta, between Alemania and Cafayate (ZFMK Ar
23894). A, abdomen and epigynum, ventral view. B, median structures in internal genitalia (arrow points at possible pore
plate). C, D, cleared genitalia, ventral and dorsal views. Scale lines: 0.2 mm (A, C, D), 0.1 mm (B).

groove. Clypeus unmodified. Sternum wider than long
(0.54/0.42), with pair of distinct anterior processes
near coxae 1. Abdomen globular.

Chelicerae: As in Figure 22G, H; with large patch of
strong hairs on each side; without frontal processes;
stridulatory files on low lateral protrusions.

Palps: Similar to N. colina (cf. Fig. 4); proximal
segments apparently identical to N. colina; femur
length/width 2.08; tibia length/width 1.10; procursus
simple, in lateral view slightly directed towards dorsal,
similar to N. colina but without subdistal ventral
sclerite and slightly wider (Fig. 22A-C); genital bulb
similar to N. colina but ventral apophysis less strongly
curved towards ventral (Fig. 22D-F).

Legs: Without spines and curved hairs; apparently few
vertical hairs; retrolateral trichobothrium of tibia 1 at
63%; prolateral trichobothrium absent on tibia 1; tarsus
1 with seven to eight pseudosegments, distally distinct.

Variation (male): Tibia 1 in three other males from
type locality: 1.71, 1.72, 1.83. The male from 1 km
SW Alemania has apparently identical chelicerae and

pedipalps but is smaller: tibia 1: 1.40; carapace width:
0.63; chelicerae maximum width: 240 pm.

Female: In general, similar to male (Fig. 1E) but
sternum without pair of anterior humps. Tibia 1 in
four females: 1.46, 1.47, 1.65, 1.85. Epigynum (Fig. 23)
anterior plate roughly rectangular, weakly protruding,
with short but wide posterior indentation; posterior
plate large, simple. Internal genitalia (Figs 221, 23B—
D) simple, with indistinct ‘receptacle’.

Distribution: Known only from two neighbouring
localities in Salta, Argentina (Fig. 3).

Natural history: At the type locality, the spiders were
found in small cavities or shelters composed of large
rocks in a dry ravine. They were sitting relatively
exposed on the ceiling of the cavities and were easy to
collect as they barely moved. Several females carried
egg-sacs that were consistently reddish, flattened, and
contained approximately 15-18 eggs. Near Alemania,
the single pair was found close together on the
underside of a large rock. The spiders barely moved at
disturbance. They shared the microhabitat with a tiny
undescribed species of Modisiminae.
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TAXONOMY OF NERUDIA SPIDERS 563

Figure 24. Nerudia trigo sp. nov,; female from Argentina, Salta, between Alemania and Cafayate (ZFMK Arg206). A, female
spinnerets. B, female palpal tarsal organ. C, tarsal organ on female right tarsus 4. D, ‘regular’ hairs on female abdomen. E,
hairs on female anal cone. F, left female chelicera, lateral view (note absence of stridulatory file). G, epigynum, ventral view.
H, female ALS. Scale lines: 20 pm (A, F), 2 pm (B, C), 10 pm (D, E, H), 100 pm (G).

NERUDIA GUIRNALDA HUBER SP. NOV.
(F1Gs 1F, 25, 26)

Zoobank registration: urn:lsid:zoobank.
org:act:TEF740D6-19C7-4A45-97BA-2FB853B8FB2F.

Diagnosis: Distinguished frommostknowncongeners
by shape of procursus (Fig. 26A-C; wide in lateral
view, with prolateral-ventral ridge proximally), from
the similar N. trigo by armature of male chelicerae
(Fig. 25G, H; strong frontal apophyses pointing
downward, with flattened tip; set with strong hairs),

from some congeners also by bulbal processes (Fig.
25D-F; ventral apophysis slender, weakly curved,
same length as embolus), and by epigynum and
female internal genitalia (Figs 251, 26; epigynal
plate trapezoidal, medially light, much narrower
than posterior plate; internal genitalia with
posteriorly wide open receptacle; similar to N. colina
and N. trigo).

Type material: ARGENTINA - Catamarca: * &
holotype; El Rodeao, trail to Cristo Redentor; 28.2229°
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564 B.A.HUBERETAL.

Figure 25. Nerudia guirnalda sp. nov.; paratype male and paratype female from Argentina, Catamarca, El Rodeo (ZFMK
Ar 23896). A-C, left male palpal tarsus and procursus, prolateral, dorsal, and retrolateral views; arrow points at prolateral—
ventral ridge. D-F, left male genital bulb, prolateral, dorsal, and retrolateral views. G, H, male chelicerae, frontal and lateral
views. I, cleared female genitalia, dorsal view. Scale lines: 0.2 mm.

S, 65.8677° W; 1460 m a.s.l.; 11 Mar. 2019; B. A. Huber
and M. A. Izquierdo leg.; LABRE-Ar 590 = 3 34, 4 99,
paratypes; same data as holotype; ZFMK Ar 23896.

Other material examined: ARGENTINA -
Catamarca: * 5 99, in pure ethanol (two prosomata
used for molecular study); same data as holotype;
ZFMK Argl66, 167 » 1 Q; same data as holotype;
LABRE-Ar 538 = 1 g; El Rodeo; Jan. 1957; M.E.
Galiano leg.; MACN 20015 part * 2 84, 2 ¢, 1 juv,;

Mutquin; ~28.32° 8, 66.13° W; 2000 m a.s.1.; Jan. 1966;
0. de Ferrariis leg.; MACN 20050 part.

Etymology: The species epithet guirnalda (Spanish
for a ‘garland’) is taken from Pablo Neruda’s poem ‘Sed
de ti’; noun in apposition.

Description

Male (holotype). Measurements: Total body length
1.40, carapace width 0.60. Distance PME-PME 70 pm;
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TAXONOMY OF NERUDIA SPIDERS 565

Figure 26. Nerudia guirnalda sp. nov.; paratype female from Argentina, Catamarca, El Rodeo (ZFMK Ar 23896). A,
abdomen and epigynum, ventral view. B, median structures in internal genitalia. C, D, cleared genitalia, ventral and dorsal

views. Scale lines: 0.2 mm (A, C, D), 0.1 mm (B).

diameter PME 60 pm; distance PME-ALE 20 pm;
distance AME-AME 15 pm; diameter AME 45 pm. Leg
1: 4.80 (1.37 + 0.23 + 1.23 + 1.40 + 0.57), tibia 2: 1.03,
tibia 3: 0.87, tibia 4: 1.27; tibia 1 L/d: 18.

Colour (in ethanol): Prosoma and legs pale ochre-
yellow; with indistinct Y-mark on carapace; legs
without dark rings; abdomen ochre-yellow to light
grey, with indistinct internal marks.

Body: Habitus as in Figure 1F. Ocular area barely
raised. Carapace with indistinct thoracic groove.
Clypeus unmodified, only at rim slightly sclerotized.
Sternum wider than long (0.44/0.38), with pair of low
anterior processes near coxae 1. Abdomen globular.

Chelicerae: As in Figure 25G, H; with pair of short
frontal apophyses pointing downward, with flattened
tip, i.e. wide in frontal view, pointed in lateral view;
set with strong hairs; stridulatory files on pair of low
lateral protrusions.

Palps: In general, similar to N. colina (cf. Fig. 4);
coxa unmodified; trochanter with indistinct ventral
projection; femur cylindrical, slightly widened distally,
proximally with indistinct retrolateral hump and

prolateral stridulatory pick (modified hair), femur
length/width: 1.81; patella short; tibia globular
(length/width: 1.05); procursus simple (Fig. 25A-C),
wide but mostly semi-transparent in lateral view,
with prolateral-ventral ridge proximally; genital bulb
(Fig. 25D-F) with weakly curved ventral apophysis,
embolus partly membranous.

Legs: Without spines and curved hairs; with vertical
hairs in two rows (prolateral, retrolateral) proximally
on tibia 1 only; retrolateral trichobothrium of tibia 1
at 62%; prolateral trichobothrium absent on tibia 1;
tarsus 1 with ~six pseudosegments, distally distinct.

Variation (male): Tibia 1 in six males (including
holotype): 1.22-1.47 (mean 1.33).

Female: In general, similar to male but sternum
without pair of anterior humps. Tibia 1 in ten females:
1.08-1.33 (mean 1.22). Epigynum (Fig. 26A) anterior
plate weakly protruding, trapezoidal, medially light;
posterior plate wide but short. Internal genitalia (Figs
251, 26B-D) with posteriorly wide open receptacle.

Distribution: Known from two localities in the Cerro
el Manchao region in Catamarca, Argentina (Fig. 3).
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566 B.A. HUBERETAL.

Figure 27. Nerudia ola sp. nov.; paratype male and paratype female from Argentina, San Juan, San Agustin de Valle Fértil
(ZFMK Ar 23897). A-C, left male palpal tarsus and procursus, prolateral, dorsal, and retrolateral views. D-F, left male
genital bulb, prolateral, dorsal, and retrolateral views. G, H, male chelicerae, frontal and lateral views. I, cleared female

genitalia, dorsal view. Scale lines: 0.2 mm.

Natural history: At the type locality the spiders were
found by turning rocks along the trail in low forest.

NERUDIA OLA HUBER SP, NOV.
(F1Gs 1G, 27-30)

Zoobank registration: urn:lsid:zoobank.
org:act: BF76CDC2-9B0C-4B69-8DB9-DE6925D99DD4.

Nerudia Mich20: Eberle et al., 2018 (molecular data:
288). Huber et al., 2018: fig. 2.

Diagnosis: Easily distinguished from known
congeners by armature of male chelicerae (Fig. 27G, H;

distinctive pair of long frontal apophyses) and by shape
of procursus (Fig. 27A-C; with bifid tip consisting of
slender dorsal process and wider ventral membranous
part); also by bulbal processes (Fig. 27D-F; ventral
apophysis distally slender, curved towards ventral,
same length as embolus) and by epigynum and female
internal genitalia (Figs 271, 28; epigynal plate without
posterior indentation; internal genitalia simple, with
barely visible transparent ‘receptacle’).

Type material: ARGENTINA - San Juan: ¢ &
holotype; San Agustin de Valle Fértil; 30.6366° S,
67.4863° W, 880 m a.s.l.; under rocks near river; 5 Mar.
2019; B. A. Huber and M. A. Izquierdo leg.; LABRE-Ar
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Figure 28. Nerudia ola sp. nov.; paratype female from Argentina, San Juan, San Agustin de Valle Fértil (ZFMK Ar 23897).
A, abdomen and epigynum, ventral view. B, median structures in internal genitalia. C, D, cleared genitalia, ventral and

dorsal views. Scale lines: 0.2 mm (A, C, D), 0.1 mm (B).

591 » 5 34, 2 99, paratypes; same data as holotype;
ZFMK Ar 23897.

Other material examined: ARGENTINA - San Juan:
* 12 34, 8 29, 5 juvs, in pure ethanol (two males and
two females used for SEM; three female prosomata
used for molecular study); same data as holotype;
ZFMK Argl41 * 9 99, 3 juvs; same data as holotype;
LABRE-Ar 560 * 1 g, in pure ethanol; same locality
as holotype; 22 Jan. 2012; J. M. A. Navarro leg.; ZFMK
Mich20 = 3 44, 2 99; ~7.5 km S Astica; 31.0223° S,
67.2976° W; 865 m a.s.l.; under rocks near river; 4 Mar.
2019; B. A. Huber and M. A. Izquierdo leg.; ZFMK Ar
23898 * 1 &, 3 99, 5 juvs, in pure ethanol; same data as
preceding; ZFMK Argl35, 136 * 1 3, 1 9; same data as
preceding; LABRE-Ar 528 » 5 34, 7 29, 1 juv,, in pure
ethanol; same data as preceding; LABRE-Ar 529, 547,
548,552 » 1 3, 1 ¢; Parque Provincial Ischigualasto;
30.1839° S, 67.9026° W; 1425 m a.s.l.; under rocks;
5 Mar. 2019; B. A. Huber and M. A. Izquierdo leg.;
ZFMK Ar 23899 = 2 29, in pure ethanol; same data
as preceding; ZFMK Argl44 ¢ 1 9, 2 juvs; same data
as preceding; LABRE-Ar 531 ¢ 1 @ with eggs, in pure
ethanol; same data as preceding; LABRE-Ar 554 » 1 g;
Parque Provincial Ischigualasto; 30.1821° S, 67.9010°

W; 1425 m a.s.l.; in dry riverbed, hand collecting at
night; 19 Dec. 2018; M. Izquierdo, F. Bollatti, A. Albin,
and C. Mattoni leg.; LABRE-Ar 445 ¢ 1 &; same data as
preceding; LABRE-Ar 444, prep. code MAI-4709 » 1 ¢;
Baldecitos; 30.2232° S, 67.6942° W; 1255 m a.s.l.; stone
wall of buildings, hand collecting at night; 21 Dec.
2018; M. Izquierdo, F. Bollatti, A. Albin, and C. Mattoni
leg.; LABRE-Ar 448, prep. code MAI-4710.

Assigned tentatively (see Male variation below): La
Rioja: » 14,1 9; Cuesta de Miranda, ‘site 1’;29.3511° S,
67.7924° W); 1960 m a.s.l.; under rocks; 8 Mar. 2019;
B. A. Huber and M. A. Izquierdo leg.; ZFMK Ar 23900
* 2 99, in pure ethanol; same data as preceding; ZFMK
Arg152 » 2 38, 19; Cuesta de Miranda, ‘site 2'; 29.3468°
S, 67.7205° W; 1660 m a.s.l.; under rocks; 8 Mar. 2019;
B. A. Huber and M. A. Izquierdo leg.; ZFMK Ar 23901
* 2 99, 1in pure ethanol; same data as preceding; ZFMK
Arglhd » 14,2 99; same data as preceding; LABRE-Ar
533 * 1 Q, in pure ethanol; same data as preceding;
LABRE-Ar 553 # 1 @; between Chilecito and Famatina;
29.0027° 8, 67.4855° W; 1300 m a.s.l.; 9 Mar. 2019; B. A.
Huber and M. A. Izquierdo leg.; ZFMK Ar 23902 » 1 ¢;
same data as preceding; LABRE-Ar 541 = 1 ¢ with eggs,
in pure ethanol; same data as preceding; LABRE-Ar
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Figure 29. Nerudia ola sp. nov;; male and female from Argentina, San Juan, San Agustin de Valle Fértil (ZFMK Arg141).
A, female prosoma, frontal view. B, left procursus tip, prolateral-dorsal view. C, stridulatory file on male chelicera. D, lateral
view of female chelicera, showing absence of stridulatory file. E, stridulatory pick (modified hair) on male palpal femur. F,
right male cheliceral apophysis, frontal view. G, processes on male sternum. H, male gonopore. Scale lines: 100 pm (A, G),

10 pm (B, D, F, H), 20 ym (C), 2 pm (E).

546 = 4 34, 2 99; SE Aimogasta, ‘site 2'; 28.9015° S,
66.6538° W; 755 m a.s.1.; under rocks; 10 Mar. 2019; B. A.
Huber and M. A. Izquierdo leg.; ZFMK Ar 23903 ¢ 3 99,
in pure ethanol; same data as preceding; ZFMK Arg162
*14,19,1 juv;same data as preceding; LABRE-Ar
532 * 1 2, in pure ethanol; same data as preceding;
LABRE-Ar 567. Catamarca: * 2 34,4 99; ~5 km NW
Chumbicha, near Balneario El Caolin, ‘site 2’; 28.8109°
S, 66.2500° W; 640 m a.s.l.; steep rock field in forest;
28-29 Mar. 2019; B. A. Huber and M. A. Izquierdo leg.;
ZFMK Ar 23904 ¢ 7 99, 3 juvs, in pure ethanol (three
female prosomata used for molecular study); same data
as preceding; ZFMK Arg218 ¢ 2 34, 6 99, 8 juvs, in

pure ethanol; same data as preceding; LABRE-Ar 530,
544, 561, 563, 566 * 3 99 with eggs, in pure ethanol;
same locality as preceding, ‘site 1’; 28.8152° S, 66.2478°
W; 605 m a.s.l.; M. A. Izquierdo and B. A. Huber leg.;
LABRE-Ar 556 * 2 99, 8 juvs, in pure ethanol; same
data as preceding; LABRE-Ar564 ¢ 3 33, 2 @9 (one
male used for p-CT study); ~10 km N Belén; 27.5641°
S, 67.0058° W; 1380 m a.s.1; in pile of stones; 25 Mar.
2019; B. A. Huber and M. A. Izquierdo leg.; ZFMK Ar
23905 = 5 99, 1 juv,, in pure ethanol; same data as
preceding; ZFMK Arg213 » 1 g, 7 99, 1 juv,, in pure
ethanol; same data as preceding; LABRE-Ar 545 » 11
34, 2 99 (three males and one female used for p-CT
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Figure 30. Nerudia ola sp. nov.; male and female from Argentina, San Juan, San Agustin de Valle Fértil (ZFMK Argl41). A,
male right tibia 1, retrolateral view. B, male metatarsus 4 with trichobothrium. C, male palpal tarsal organ. D, tip of right
female palp, dorsal view; arrow points at tarsal organ. E, tarsal organ on male tarsus 2. F, epigynum, ventral view. G, male

ALS and PMS. H, female ALS. Scale lines: 10 pm (A, B, D, G, H), 2 pm (C, E), 100 pm (F).

study; two male abdomens used for karyotype study);
near Nacimientos; 27.1559° S, 66.6925° W; 2120 m
a.s.l.; under rocks on arid slope; 25 Mar. 2019; B. A,
Huber and M. A. Izquierdo leg.; ZFMK Ar 23906 » 4 99,
3 juvs, in pure ethanol; same data as preceding; ZFMK
Arg211.

Assigned tentatively (only females available): ARGENTINA
—LaRioja: * 2 99,1 juv; Cuesta de Miranda; 29°21' S, 67°43"
W; 1700 m a.s.l.; Aug. 1994; M. Ramirez leg.; MACN Ar
20055 * 1 ¢, in pure ethanol; SE Aimogasta, ‘site 1’; 28.8069°
S, 66.6635° W; 915 m a.s.l.; under rocks; 10 Mar. 2019; B. A.

Huber and M. A. Izquierdo leg.; ZFMK Arg161. Catamarca:
* 1 9; ~14 km W Fiambala; 27.6590° S, 67.7607° W; 2000
m a.s.l; under rocks; 26 Mar. 2019; B. A. Huber and M. A.
Izquierdo leg,; ZFMK Ar 23907 » 2 99; Chumbicha; 28.87° S,
66.23° W; 400 m a.s.l; Aug. 1994; M.J. Ramirez leg.; MACN
Ar 20012. San Juan: * 1 9; ~35 km W Las Flores; 30.3967°
S, 69.5576° W; 2910 m a.sl; under rocks; 6 Mar. 2019; B. A.
Huber and M. A. Izquierdo leg.; ZFMK Ar 23908,

Etymology: The species epithet ola (Spanish for ‘wave’)
is taken from Pablo Neruda’s poem ‘Poema 12", noun in
apposition.
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Description

Male (holotype). Measurements: Total body length
1.55, carapace width 0.66. Distance PME-PME 70
pm; diameter PME 65 pm; distance PME-ALE 30 pm;
distance AME-AME 20 pm; diameter AME 40 pm. Leg
1: 5.64 (1.48 + 0.25 + 1.45 + 1.78 + 0.68), tibia 2: 1.18,
tibia 3: 1.03, tibia 4: 1.53; tibia 1 L/d: 22.

Colour (in ethanol): Prosoma and legs mostly pale
ochre-yellow; carapace with light brown Y-mark behind
ocular area; sternum whitish; legs without dark rings;
abdomen monochromous pale grey.

Body: Habitus as in Figure 1G. Ocular area barely
raised. Carapace with indistinct thoracic groove. Clypeus
unmodified (only rim slightly more sclerotized than in
female). Sternum wider than long (0.46/0.38), with pair of
distinct anterior processes near coxae 1. Abdomen globular.

Chelicerae: As in Figure 27G, H; with distinctive
pair of long frontal apophyses, tips slightly bent
downwards, obtuse in frontal view, with some ventral
hairs directed downwards (Fig. 29F); distance between
tips of apophyses: 280 pm; stridulatory files on distinct
lateral protrusions (Fig. 29C),

Palps: In general, similar to N. colina (cf. Fig. 4) but
femur slightly slenderer (length/width 2.27) and tibia
slightly thicker (length/width 0.92); procursus simple,
in lateral view slightly directed towards dorsal, with
bifid tip consisting of slender dorsal process and wider
ventral membranous process (Fig. 27A—C); genital bulb
similar to V. colina, with slender ventral apophysis
curved towards ventral (Fig. 27D-F).

Legs: Without spines and curved hairs; with vertical
hairs in higher than usual density on proximal half of
tibia 1 only, in two dorsal rows (Fig. 30A); retrolateral
trichobothrium of tibia 1 at 58%; prolateral
trichobothrium absent on tibia 1; tarsus 1 with six to
seven pseudosegments, distally distinct.

Variation (male): Tibia 1 in 36 males (including
holotype): 1.04-1.60 (mean 1.33). The distance between
the tips of the cheliceral apophyses varies considerably
(235-340 pm), but also within localities (e.g.
Nacimientos: 240-310 pm). In northern specimens (from
La Rioja and Catamarca), the cheliceral apophyses are
slightly straighter and longer. This difference is minimal
and some males appear intermediate. In specimens
from Chumbicha, the procursus is slightly shorter.
Abdomen variably dark. COI data indicate a deep
split between northern and southern specimens, and a
phylogenetic analysis of the molecular data (Supporting
Information, Fig. S2) even questions the monophyly of

the northern + southern clade. However, deep splits also
occur among southern specimens and among northern
specimens (Fig. 2). As a result, a preliminary ASAP
analysis (Supporting Information, Figs S3, S4) favours
the existence of up to seven ‘species’ (lowest scores of 2.0
and 3.0). What is here interpreted as one species may
thus in fact be several more or less cryptic species.

Female: In general, similar to male but sternum
without pair of anterior humps and tibia 1 with usual
low number of short vertical hairs. Tibia 1 in 57 females:
0.97-1.55 (mean 1.25). Epigynum (Figs 28A, 30F)
anterior plate weakly protruding, without posterior
indentation; posterior plate large, simple. Internal
genitalia (Figs 271, 28B-D) simple, with barely visible
transparent receptacle. No difference could be seen
between northern and southern specimens.

Distribution: Widely distributed in Argentina,
Provinces San Juan, La Rioja and Catamarca (Fig. 3).
Note that specimens from La Rioja and Catamarca are
assigned tentatively.

Natural history: All specimens were found by turning
rocks. The spiders started to run rapidly when
disturbed but then stopped suddenly and did barely
ever drop from the rock. They were found in a variety
of habitats, ranging from a relatively humid block field
in a low forest at 640 m a.s.l. near Chumbicha to an
exposed arid hill with dry ravines at 2120 m a.s.l. near
Nacimientos. At Valle Fértil, the spiders seemed to have
a patchy distribution, with up to eight adult specimens
on a single large rock in suitable places (with some
shade and leaf litter among the rocks). They shared
the microhabitat with a superficially similar species
of Metagonia Simon, 1893 (M. ‘MACNTY’; undescribed;
Valle Fértil; Chumbicha), with Gertschiola macrostyla
(Astica; Valle Fértil; Ischigualasto; SE Aimogasta ‘site
2"), with Chibchea araona Huber, 2000 (?) (Cuesta de
Miranda, both sites) and, in at least one case, with
another species of Nerudia (N. poma; Chumbicha).

NERUDIA NONO HUBER SP. NOV.
(Figs 1H, 31, 32)

Zoobank registration: urn:lsid:zoobank.
org:act:D31A81F7-8F7F-4DCA-BE7E-
6EEAFFE52FBF.

Diagnosis: Distinguished from known congeners
by shapes of procursus (Fig. 31A—C; wide in lateral
view, narrow in dorsal view, with small prolateral
flap distally) and by armature of male chelicerae
(Fig. 31G, H; frontal apophyses directed towards
frontal, with pointed tips), from some congeners also
by bulbal processes (Fig. 31D-F; ventral apophysis
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Figure 31. Nerudia nonoe sp. nov.; paratypes from Argentina, Cérdoba, 5 km E Nono (g8 LABRE AR525; ¢ ZFMK Ar 23910).
A-C, left male palpal tarsus and procursus, prolateral, dorsal, and retrolateral views. D-F, left male genital bulb, prolateral,
dorsal, and retrolateral views. G, H, male chelicerae, frontal and lateral views. I, cleared female genitalia, dorsal view. Scale

lines: 0.2 mm.

distally slender, curved towards ventral, slightly
longer than embolus), and by epigynum and female
internal genitalia (Figs 311, 32; main epigynal plate
semi-circular, with almost straight posterior margin;
internal genitalia with indistinct semi-circular
receptacle).

Type material: ARGENTINA - Cérdoba: = &
holotype; ~5 km E Nono; 31.7982° S, 64.9515° W; 995
m a.s.l.; 20 Feb. 2021; M. Izquierdo, F. Cargnelutti,
F. Bollatti & G. Boaglio leg.; LABRE-Ar 592 * 3 34,

paratypes; same data as holotype; LABRE AR525 » 1
&, paratype; same data as holotype; ZFMK Ar 23909
1 9, paratype; same data as holotype; LABRE AR534 »
3 @9, paratypes; same locality as holotype; 2 Mar 2019;
B.A. Huber & M.A. Izquierdo leg.; ZFMK Ar 23910.

Other material examined: ARGENTINA - Cérdoba: «
592, 7 juvs, in pure ethanol; same locality as holotype;
2 Mar 2019; B.A. Huber & M.A. Izquierdo leg.; ZFMK
Argl24 = 1 4, 1 ; same locality as holotype; 5 Jan.
2022; M. Izquierdo, F. Cargnelutti, G. Boaglio leg.;
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Figure 32. Nerudia nono sp. nov.; paratype female from Argentina, Cordoba, 5 km E Nono (ZFMK Ar 23910). A, abdomen
and epigynum, ventral view. B, median structures in internal genitalia. C, D, cleared genitalia, ventral and dorsal views.

Scale lines: 0.2 mm (A, C, D), 0.1 mm (B).

LABRE-Ar 593 * 6 99; same data as preceding;
LABRE-Ar 595 » 2 44, 1 2, 1 juv,; same locality as
holotype; 20 Feb. 2021; M. Izquierdo, F. Cargnelutti,
F. Bollatti, G. Boaglio, leg.; LABRE-Ar 594 * 2 g3,
in Karnovsky (MAI-4780); same data as preceding,
LABRE-Ar 568 * 1 g, in Karnovsky (MAI-4771); same
data as preceding; LABRE-Ar 569 » 6 92, in Karnovsky
(MAI-4781); same data as preceding; LABRE-Ar 570.

Etymology: The species epithet is derived from the
type locality Nono in Céordoba, Argentina; noun in
apposition.

Description

Male (holotype. Measurements: Total body length
1.70, carapace width 0.70. Distance PME-PME 90
pm; diameter PME 60 pm; distance PME-ALE 35 pm;
distance AME-AME 20 pm; diameter AME 50 pm. Leg
1: 5.20 (1.40 + 0.25 + 1.40 + 1.55 + 0.60), tibia 2: 1.15,
tibia 3: 0.95, tibia 4: 1.40; tibia 1 L/d: 20.

Colour (in ethanol): Prosoma and legs mostly pale
ochre-grey; carapace with large median brown mark

including ocular area, not reaching posterior margin
of carapace; sternum whitish; legs without dark rings;
abdomen monochromous greenish-grey.

Body: Habitus as in Figure 1H. Ocular area barely
raised. Carapace with indistinct thoracic groove.
Clypeus more sclerotized than in female and slightly
bulging. Sternum wider than long (0.50/0.40), with pair
of distinct anterior processes near coxae 1. Abdomen
globular.

Chelicerae: As in Figure 31G, H; pair of frontal
apophyses directed forward, with flattened tips;
stridulatory files on pair of lateral protrusions, ridges
barely visible in dissecting microscope.

Palps: In general, similar to N. colina (cf. Fig. 4);
coxa unmodified; trochanter with indistinct ventral
projection; femur cylindrical, only slightly widened
distally, proximally with indistinct retrolateral hump
and prolateral stridulatory pick (modified hair);
patella short, dorsally more bulging than in N. colina;
tibia globular; procursus wide in lateral view, narrow
in dorsal view, distally with small apophysis and
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prolateral flap (Fig. 31A-C); genital bulb with ventral
apophysis distally slender, curved towards ventral,
embolus partly membranous (Fig. 31D-F).

Legs: Without spines and curved hairs; few vertical
hairs; retrolateral trichobothrium of tibia 1 at 59%;
prolateral trichobothrium absent on tibia 1; tarsus 1
with seven to eight pseudosegments, mostly distinct.

Variation (male): Tibia 1 in five males (including
holotype): 1.35-1.40 (mean 1.37).

Female: In general, similar to male but sternum
without pair of anterior humps, chelicerae apparently
without stridulatory ridges, and clypeus unmodified.
Tibia 1 in nine females: 1.30-1.45 (mean 1.36).
Epigynum (Fig. 32A) anterior plate weakly protruding,
semi-circular, with almost straight posterior margin;
posterior plate large, simple. Internal genitalia (Figs
311, 32B-D) with indistinct semi-circular receptacle.

Distribution: Known from type locality only, near
Nono in Cérdoba, Argentina (Fig. 3).

Natural history: The spiders were found among the
stones of a loosely built stone wall in the plain sun
in a relatively arid environment (Fig. 45F). In small
containers in laboratory conditions, the spiders built
flimsy webs. Like other pholcids, they hang upside
down in these webs. Copulation attempts were not
successful. In one of them (25 Feb. 2021), the female
attacked the male and started to wrap him.

NERUDIA ATACAMA HUBER, 2000
(FIGS 33, 34)

Nerudia atacama Huber, 2000: 87, figs 333-337.
Nerudia atacama — Torres et al., 2015: 5, fig. 4C, D (see
N. poma; misidentification).

Diagnosis: Distinguished from known congeners
by shape of procursus (Fig. 33A-C; distal half bent
towards dorsal; same width over most of its length in
lateral view), by bulbal processes (Fig. 33D-F; embolus
slender tubular), by armature of male chelicerae (Fig.
33G, H; frontal apophyses at half length, pointing
downwards, with pointed tip in frontal view, set with
regular hairs; similar to N. flecha), and by epigynum
and female internal genitalia (Fig. 34; epigynal
plate with large posterior indentation, similar to N.
flecha; internal genitalia with large round median
‘receptacle’).

Type material: CHILE - Atacama: * g holotype,
re-examined; S of Domeyko, Cuesta Pajonales; 29.151°

S, 70.980° W; 1200 m a.s.l.; 5 Oct. 1992; N. I. Platnick,
P. Goloboff, K. Catley leg.; AMNH # 3 99 paratypes,
re-examined; same data as holotype; AMNH.

Other material (not re-examined): CHILE - Atacama:
* 1 ¢; Cuesta Pajonales, S of Domeyko; 29.146° S,
T70.997° W, 1080 m a.s.l.; 5 Oct. 1992; N. I. Platnick, P.
Goloboff, K. Catley leg.; AMNH.

Description (amendments; see Huber 2000): The
distinctive male and female structures are shown
(Figs 33, 34) in order to facilitate comparison with the
newly described congeners.

Distribution: Known only from the type locality in
Atacama, Chile (Fig. 3).

NERUDIA FLECHA HUBER SP. NOV.
(FIGs 35, 36)

Zoobank registration: urn:lsid:zoobank.
org:act:2A718011-CA44-43E3-8053-166 B6AF843DF.

Diagnosis: Easily distinguished from known
congeners by shape of procursus (Fig. 35A-C; short
distal element with hooked tip, without membranous
part) and by bulbal processes (Fig. 35D-F; embolus
much shorter than ventral apophysis); also by
armature of male chelicerae (Fig. 35G, H; frontal
apophyses pointing downwards, with slightly
widened flat tip, set with regular hairs), and by
epigynum and female internal genitalia (Figs 351,
36; epigynal plate with large posterior indentation;
internal genitalia apparently without or with small
median ‘receptacle’).

Type material: CHILE - Coquimbo: ® 3 holotype, 1 ¢
paratype; road to Pascua Lama Mine; approximately
29.445° S, 70.502° W, +/— 6 km; 3000-3280 m a.s.1; 3
Feb. 2014; A. A. Ojanguren-Affilastro, J. Pizarro-Araya,
P. Agusto, R. Botero Trujillo and H. Turi leg.; MACN Ar
37782.

Etymology: The species epithet flecha (Spanish for
‘arrow’) is taken from Pablo Neruda’s poem ‘Poema 1
noun in apposition.

Description

Male (holotype). Measurements: Total body length
1.50, carapace width 0.62. Distance PME-PME 80
pm; diameter PME 50 pm; distance PME-ALE 20 pm;
distance AME-AME 20 pm; diameter AME 35 pm. Leg
1: 4.57 (1.30 + 0.20 + 1.30 + 1.30 + 0.47), tibia 2: 1.07,
tibia 3: 0.90, tibia 4: 1.27; tibia 1 L/d: 19.
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Figure 33. Nerudia atacama; holotype male and paratype female from Chile, Atacama, S of Domeyko (AMNH). A-C, left
male palpal tarsus and procursus, prolateral, dorsal and retrolateral views. D-F, left male genital bulb, prolateral, dorsal,
and retrolateral views. G, H, male chelicerae, frontal and lateral views. I, cleared female genitalia, dorsal view. Scale lines:

0.2 mm.

Colour (in ethanol): Prosoma and legs mostly pale
ochre-yellow; carapace with light brown Y-mark
behind ocular area; legs without dark rings; abdomen
monochromous pale-grey.

Body: Habitus similar to N. poma (cf. Fig. 1B). Ocular
area barely raised. Carapace with indistinct thoracic
groove. Clypeus unmodified (only rim slightly more
sclerotized than in female). Sternum wider than long
(0.44/0.40), with pair of small anterior processes near
coxae 1. Abdomen globular.

Chelicerae: As in Figure 35G, H; short frontal
apophyses set with regular hairs, tips slightly
flattened; stridulatory files on low lateral protrusions.

Palps: In general, similar to N. colina (cf. Fig. 4) but
femur absolutely and relatively shorter (length/width
1.76) and tibia slightly less strongly enlarged (length/
width 1.13); procursus simple, in lateral view slightly
bent towards dorsal, distal part short, with distinctive
hooked tip, without membranous element (Fig. 35A-C);
genital bulb with weakly curved ventral apophysis
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Figure 34. Nerudia atacama; paratype female from Chile, Atacama, S of Domeyko (AMNH). A, abdomen and epigynum,
ventral view. B, median structures in internal genitalia. C, D, cleared genitalia, ventral and dorsal views. Scale lines: 0.2 mm

(A, C,D), 0.1 mm (B).

distally semi-transparent, embolus much shorter than
ventral apophysis (Fig. 35D-F).

Legs: Without spines and curved hairs; with vertical
hairs in higher than usual density on tibia 1 only,
in two dorsal rows (prolateral and retrolateral);
retrolateral trichobothrium of tibia 1 at 64%; prolateral
trichobothrium absent on tibia 1; tarsus 1 with ~seven
pseudosegments, only distally distinct.

Female: In general, similar to male but sternum
without humps and tibia 1 with usual low number of
short vertical hairs. Tibia 1: 1.22; carapace width: 0.68.
Epigynum (Fig. 36A) anterior plate semi-circular to
trapezoidal, with large posterior indentation; posterior
plate short but wide. Internal genitalia (Figs 351, 36B—
D) simple, apparently without or with small median
‘receptacle’.

Distribution: Known only from type locality in
Coquimbo, Chile (Fig. 3).

PUTATIVE FURTHER SPECIES
NERUDIA SP. ‘ARG23A’

Three species were collected in San Juan, ~35 km W
Las Flores: N. rocio, N. ola and nine females repre-
senting a third species. These females clearly differ
from the two named species at this locality by the
shape of the epigynum (Fig. 37A; resembles N. flecha);
from N. rocio also distinguished by much shorter legs
(tibia 1 length in seven females: 1.10-1.30; mean 1.21).

Material examined. ARGENTINA - San Juan: * 3
99; ~35 km W Las Flores; 30.3967° S, 69.5576° W; 2910
m a.s.l.; 6 Mar. 2019; B. A. Huber and M. A. Izquierdo
leg.; ZFMK Ar 23911 » 5 99, in pure ethanol (two
prosomata used for molecular study); same data as
preceding; ZFMK Argl47; 1 @, with egg-sac, in pure
ethanol; same data as preceding; LABRE-Ar 562.

NERUDIA SP. ‘ARG163’

Two species were collected in La Rioja, SE Aimogasta:
N. ola, and a single female specimen representing a

© 2023 The Linnean Society of London, Zoological Journal of the Linnean Society, 2023, 198, 534-591

193

$Z0Z AINF L0 U 18N ¥aqezaY [81eY AQ /859/0./¥ES/Z/B6 |/3101E/UBBLUN00Z/WOS dNO"DIWBPEDE)/:SANY WO Papeojumog



576 B.A.HUBERETAL.

Figure 35. Nerudia flecha sp. nov.; holotype male and paratype female from Chile, Coquimbo, road to Pascua Lama Mine
(MACN Ar 37782). A-C, left male palpal tarsus and procursus, prolateral, dorsal and retrolateral views. D-F, left male
genital bulb, prolateral, dorsal and retrolateral views. G, H, male chelicerae, frontal and lateral views. I, cleared female

genitalia, dorsal view. Scale lines: 0.2 mm.

different species. This female resembles N. rocio in
having indistinct radial marks on the carapace and in
having unusually long legs (tibia 1: 2.1). However, the
epigynum is different (Fig. 37B) and resembles that
of N. hoguera (and N. flecha). The molecular data also
suggest that this specimen is closer to N. hoguera than

to any other sequenced species (Fig. 2; Supporting
Information, Fig. S4).

Material examined. ARGENTINA - La Rioja: » 1
Q, in pure ethanol; SE Aimogasta, ‘site 2°; 28.9015°
S, 66.6538° W; 755 m a.s.l.; under rocks; 10 Mar.
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Figure 36. Nerudia flecha sp. nov.; paratype female from Chile, Coquimbo, road to Pascua Lama Mine (MACN Ar 37782). A,
abdomen and epigynum, ventral view. B, median structures in internal genitalia. C, D, cleared genitalia, ventral and dorsal

views. Scale lines: 0.2 mm (A, C, D), 0.1 mm (B).

2019; B. A. Huber and M. A. Izquierdo leg.; ZFMK
Argl63.

KARYOLOGY
The male karyotype of Nerudia ola is composed of 24
chromosomes. It is predominated by biarmed chromo-
somes (Fig. 38A). The prophase of the first meiotic div-
ision includes the diffuse stage. During this period, the
bivalents almost decondense. In contrast to this, sex
chromosomes form a highly condensed, cross-shaped
element (Fig. 38B). A diffuse stage is also found in
N. poma and Gertschiola macrostyla. The metaphase
of the first meiotic division (metaphase I) consists
of ten bivalents and a tetravalent formed by three
X chromosomes and a Y chromosome (Fig. 38C, D).
Within the tetravalent, each of the X chromosomes
is associated by one end with the Y chromosome (Fig.
38C). The average size of the Y chromosome (8.3 pm,
N = 3, metaphases 1) is similar to the size of the X
chromosomes. There are two types of metaphases of
the second meiotic division (metaphase II), one with
11 chromosomes, including the Y chromosome, and the
other with 13 chromosomes, including the X chromo-
somes (Fig. 38E, F). It was impossible to distinguish
the sex chromosomes from the other chromosomes

on the basis of their morphology or behaviour during
metaphase II (Fig. 38E, F). One (Fig. 39B, C) or two
chromosome pairs (Fig. 39A) contain a NOR. One sex
chromosome also included a NOR (Fig. 39C), at the end
involved in chromosome pairing (Fig. 39B).

The male karyotype of Nerudia poma consists of 26
chromosomes (Fig. 40A). Metaphases I contain one bi-
valent more than in N. ola (Fig. 40B, C). The structure
of the sex chromosome tetravalent is the same as in
N. ola (Fig. 40B, C) except for the smaller size of the Y
chromosome (5.1 pm, N = 2, metaphases I). There are
two types of metaphases 11, one with 12 chromosomes,
including the tiny Y chromosome, and another with
14 chromosomes, including the three X chromosomes
(Fig. 40D-F). It was impossible to distinguish the X
chromosomes from the other chromosomes at meta-
phase II (Fig. 40D, F). Metaphase II with X chromo-
somes is formed exclusively by biarmed chromosomes
(Fig. 41), which implies that all chromosome pairs and
the X chromosomes are biarmed. The Y chromosome
is the smallest element of metaphase II (Fig. 40E). Its
morphology is unknown.

The male karyotype of Gertschiola macrostyla is
predominated by biarmed chromosomes (Fig. 42D).
Metaphases I contain 12 bivalents and a sex chromo-
some tetravalent X X X Y. The X chromosomes are
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Figure 37. Epigyna of two formally undescribed putative species, ventral views. A, Nerudia ‘Arg23a’ from Argentina, San
Juan, 35 km W Las Flores (ZFMK Ar 23911). B, N. ‘Arg163’ from Argentina, La Rioja, SE Aimogasta, ‘site 2’ (ZFMK Arg163).

Scale lines: 0.2 mm.

associated by the ends of both of their arms with
the tiny Y chromosome, which is much smaller than
in Nerudia (Fig. 42A-C). The average size of the
Y chromosome is only 1.6 pm (N = 2, metaphases I).
One chromosome pair contains a NOR. Moreover, one
X chromosome has a terminal NOR (Fig. 39D).

SAMPLING BIAS AND BIOGEOGRAPHIC ANALYSES

The areas with high densities of records of arthro-
pods and arachnids are poorly correlated (r = 0.391,
P < 0.000). In the wider area (~500 km) around the
known geographic distribution of Nerudia, six lo-
calities stand out for their high density of records of
arthropods, near the cities of Santiago, La Serena and
Copiapd in Chile, and Cérdoba, Cafayate and Salta
in Argentina (Supporting Information, Fig. S5). For
arachnids, only the cities of Santiago, Cafayate and
Cdrdoba present a similar pattern, while an extra
area with high density of records of Arachnida is ob-
served near Tilcara, in northern Argentina (Fig. 43A).
Meanwhile, the records of Nerudia are mostly located
in poorly sampled regions (Fig. 43A), and they are not
explained by the number of records of arthropods (devi-
ance = 1.513, P = 0.2187) or by the interaction between
the numbers of records of arthropods and arachnids
(deviance = 2.577, P = 0.1084). However, records of
Nerudia are significantly explained by the number
of records of arachnids (deviance = 5.447, P = 0.019;
Supporting Information, Fig. S6).

The species distribution modelling was based on
seven principal components (PC) of the 21 predictor
bioclimatic variables, which gathered 95.3% of the
cumulative proportion of variance (for details, see

Supporting Information, Tables S1, S2). The first PC
contributed with 43% to the Nerudia distribution
modelling (Fig. 43B; Supporting Information, Table
53), while, the second PC contributed with 33.6% (see
Table S3). Most of the areas with higher relative oc-
currence rates for Nerudia (Fig. 43B) are in the nor-
thern part of the Monte biogeographic province (sensu
Morrone, 2017) (where most Nerudia records are
known) and in the Atacama province in Chile and the
Puna province in Bolivia (where no Nerudia or any
other Ninetinae have ever been recorded).

The second principal component analysis carried
out based on the extracted values for the 21 predictor
bioclimatic variables for each of the Ninetinae records
(Supporting Information, Table S6), resulted in eight
principal components that gather 96.0% of the cumu-
lative proportion of variance (Supporting Information,
Table S4). The first PC represented 47.7% of the pro-
portion of variance, being positively correlated with
temperature seasonality and temperature annual
range, but negatively correlated with annual mean
temperature, minimum temperature of coldest month
and mean temperature of coldest quarter (Supporting
Information, Table S5; Fig. S7). The second PC rep-
resented 19.4% of the proportion of variance, being
positively correlated with the annual precipitation
and the precipitation of the driest month, of the driest
quarter and of the coldest quarter, but negatively cor-
related with precipitation seasonality (Supporting
Information, Table S5). The ordination of the Nerudia
records in the multivariate space (Fig, 44; Supporting
Information, Fig. ST) indicates that this taxon is likely
limited by extreme cold conditions and humid envir-
onments. Representatives of Nerudia occupy regions
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Figure 38. Nerudia ola sp. nov.; male chromosome plates. Panels C, D contain a scheme of the sex chromosome multivalent
(blue — X chromosomes, orange — Y chromosome). A, mitotic metaphase, 2n = 24. Note the predomination of biarmed
chromosomes. B, diffuse stage. Note the cross-shaped multivalent consisting of four sex chromosomes. The multivalent
exhibits positive heteropycnosis. C, D, metaphases I consisting of ten bivalents and a sex chromosome multivalent comprising
three X chromosomes and a Y chromosome. Multivalent delimited by dotted line. One X chromosome is not included in
the multivalent at D. E, early metaphase II containing the X chromosomes (n = 13). It is impossible to distinguish the X
chromosomes from other chromosomes. F, early metaphase II containing the Y chromosome (n = 11). It is impossible to
distinguish the Y chromosome from other chromosomes. Abbreviations: m, sex chromosome multivalent; X, X chromosome;

Y, Y chromosome. Scale lines: 10 pm.

with lower tree density and lower tree canopy height
(Supporting Information, Fig. S7), suggesting an asso-
ciation with open environments. However, such biotic
and climatic conditions are not significantly different
from those observed for most other Ninetinae; the
Nerudia records are within the confidence interval for
other taxa (Fig. 44). The environmental niche is phylo-
genetically conserved in the group, thus evolving as
expected owing to Brownian motion (Pagel's . = 0.95,

P-value = 0.000, for the first PC axis; full results in
Supporting Information, Fig. S8, Table S9).

DISCUSSION

KARYOLOGY
Only two representatives of Ninetinae have been
karyotyped before, Kambiwa neotropica (Kraus, 1957)
and Pholcophora americana Banks, 1896 (Avila Herrera
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Figure 39. Nerudia ola sp. nov. (A-C) and Gertschiola macrostyla (D); male meiosis, detection of nucleolus organizer regions
(NORs; red signals). Chromosomes counterstained with DAPI (blue). Panels B-D contain schemes of the sex chromosome
multivalents. A, diffuse stage. Sex chromosome body and two decondensed bivalents exhibit a signal. B, metaphase I,
one bivalent includes a NOR. Another NOR is at the end of a sex chromosome involved in pairing. C, metaphase I, sex
chromosome multivalent collapsed. One bivalent and one end of a sex chromosome bear a NOR. D, metaphase 1. One

bivalent and one end of an X chromosome contains a NOR. Note the sex chromosome multivalent in the upper left corner of

the panel. Symbols: arrow, NOR-bearing bivalent; arrowhead, sex chromosome body (A), sex chromosome multivalent (B, D)
or particular sex chromosomes (C, numbered). Abbreviations: m, sex chromosome multivalent; SCB, sex chromosome body;

X, X chromosome; Y, Y chromosome. Scale lines: 10 pm.

et al., 2021). In this study, we added three further spe-
cies and two genera, namely Nerudia poma, N. ola and
Gertschiola macrostyla. Closely related pholcids often
differ in the morphology of some chromosomes (Avila
Herrera et al., 2021). Unfortunately, we were only able
to determine the morphology of the chromosomes for
Nerudia poma (except for the Y chromosome). As in
the vast majority of other haplogyne araneomorphs
with monocentric chromosomes (Kral et al., 2006),
karyotypes of ninetines are predominated by biarmed
chromosomes (Avila Herrera ef al., 2021; this study).
The male prophase of the first meiotic division in-
cludes the so-called diffuse stage (Avila Herrera et
al., 2021; this study), which is probably a synapo-
morphy of haplogyne spiders, i.e. the clade formed by
Synspermiata and two cribellate families, Filistatidae
and Hypochilidae (Avila Herrera et al., 2021).

Among Ninetinae, the karyotype of P. americana
(2nd =29, X X)Y) is supposedly close to the ancestral
karyotype of pholcids (2ng = 33, X X,Y; Avila Herrera
et al., 2021) in terms of diploid number and sex
chromosome system. The X X, Y system of . americana

includes two large metacentric X chromosomes and a
metacentric Y microchromosome, which pair without
chiasmata by the ends of their arms during male mei-
osis (Avila Herrera et al., 2021). Th stem has been
found in seven haplogyne families (Silva, 1988; Silva
et al., 2002; Krél et al.; 2006, 2019; Avila Herrera ef
al., 2016; Paula-Neto et al., 2017; Araujo et al., 2020),
including some pholcid clades (Kral et al., 2006; Avila
Herrera et al., 2021), It is probably the ancestral sex
chromosome determination of araneomorph spiders,
including haplogynes (Paula-Neto et al., 2017; Avila
Herrera et al., 2021).

In contrast to the North American P. americana,
the karyotypes of the South American K. neotropica
(Avila Herrera et al., 2021), G. macrostyla and Nerudia
spp. (this study) contain fewer chromosome pairs. The
latter three genera belong to the same clade, separate
from Pholcophora (Huber et al., 2018). Our data thus
suggest that the ancestral karyotype of this South
American clade was characterized by a reduction in
the number of chromosome pairs. According to our
data, the ancestral karyotype of the clade including
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Figure 40. Nerudia poma sp. nov., male chromosome plates. Panels B, C contain a scheme of the sex chromosome
multivalent (blue - X chromosomes, orange — Y chromosome). A, mitotic metaphase, 2n = 26. Note the predomination of
biarmed chromosomes. The Y chromosome is the smallest element of the complement. B, C, metaphases I consisting of 11
bivalents and a sex chromosome multivalent comprising three X chromosomes and a Y chromosome. Multivalent delimited
by dotted line. D, metaphase II containing X chromosomes (n = 14). It is impossible to distinguish the X chromosomes
from other chromosomes. E, early metaphase II containing the Y chromosome (n = 12). The Y chromosome is the smallest
chromosome of the plate. F, late metaphase II containing the X chromosomes (n = 14). Note the predomination of biarmed
chromosomes. This plate was used to construct the haploid karyotype of the species (Fig. 41). Abbreviations: m, sex
chromosome multivalent; X, X chromosome; Y, Y chromosome. Scale lines: 10 pm.

Gertschiola, Kambiwa Huber, 2000 and Nerudia con-
tained 12 chromosome pairs. This number is retained in
Gertschiola (this study) and Kambiwa (Avila Herrera
et al., 2021). A further reduction occurred in Nerudia,
where this process can even be observed within the
genus (this study). The reduction of chromosome
numbers is a frequent phenomenon in the evolution

of various spider groups (Suzuki, 1954; Kofinkovd &
Kral, 2013), including pholcids (Avila Herrera et al.,
2021).

The karyotypes of Kambiwa, Gertschiola and
Nerudia further differ from that of Pholcophora by
the more complex sex chromosome systems (Avila
Herrera et al., 2021, this study). Gertschiola and
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Figure 41. Nerudia poma sp. nov., haploid karyotype (n = 14) based on metaphase II containing X chromosomes. It consists
of nine metacentric (nos 1-8, 10) and five submetacentric chromosomes (nos 9, 11-14). It is impossible to distinguish X

chromosomes on the basis of their morphology or behaviour. Seale line: 10 pm.

Figure 42. Gertschiola macrostyla sp. nov.; male chromosome plates. Panels A-C contain a scheme of the sex chromosome
multivalent (blue-X chromosomes, orange - Y chromosome, black knob - supposed centromere). A-C, metaphases I consisting
of 12 bivalents and a sex chromosome multivalent comprising three X chromosomes and a Y chromosome. Multivalent
delimited by dotted line. D, plate composed of two sister metaphases II. Note the tiny Y chromosome. Abbreviations: m, sex
chromosome multivalent; X, X chromosome; Y, Y chromosome. Scale lines: 10 pm.

Nerudia share the X X, XY system (this study),
which has not previously been reported for pholcids.
We suppose that it evolved from the X X,Y system,
as has been hypothesized for many other sex chromo-
some systems previously described in pholcids (Avila
Herrera et al., 2021). Chromosomes of the X X XY
system retained achiasmatic pairing during male
meiosis (this study). Furthermore, the mode of

pairing of the X chromosomes in Gertschiola (see
below) suggests that these elements retained their
biarmed morphology. The third X chromosome of the
X X, XY system could arise by a nondisjunction of one
of the X chromosomes, which is supposed to be the
mechanism of formation of multiple X chromosomes
in entelegyne araneomorphs (Postiglioni & Brum-
Zorrilla, 1981; Datta & Chatterjee, 1988; Kral, 2007).
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Figure 43. A, density of records of arachnids surrounding the geographic distribution of Nerudia representatives, with
numbered high density regions (reddish areas: 1. Santiago; 2. Cérdoba; 3. Cafayate; 4. Tilcara). Dotted line represents 500
km buffer around Nerudia records (black dots). Note that Nerudia records are concentrated in poorly sampled regions (bluish
areas). B, relative occurrence rate (ROR) of Nerudia species, with numbered biogeographic regions. Polygons represent
the biogeographical regionalisation (sensu Morrone, 2017) in the Andean (5) and Neotropical (6-12) regions. Neotropical
provinces: (6) Prepuna; (7) Monte; (8) Pampean; (9) Chaco; (10) Yungas; (11) Puna; and (12) Atacama. The reddish areas
denote regions where Nerudia is expected to occur; in some of these, no Ninetinae have ever been recorded: the Atacama

province in Chile and the Puna province in Bolivia.

Alternatively, it could originate by a fission of one
metacentric X chromosome of the X XY system fol-
lowed by a pericentric inversion of arising elements
(to restore their biarmed morphology). The same com-
plex rearrangement probably transformed the X X,0
system into X X X 0 in the pholcid Smeringopus pal-
lidus (Blackwall, 1858) (Avila Herrera ef al., 2021).
Fissions have also been involved in sex chromosome
evolution of some mygalomorph spiders (Kral et al.,
2013). In Gertschiola, the X chromosomes still pair
in meiosis by both ends and the Y chromosome re-
tains its tiny size even after the formation of the
X X, XY system. The details of chromosome pairing
in Nerudia remain unresolved. Each X chromosome

can possibly associate by one of its ends with the Y
chromosome as stated in the Results section. In an-
other possible arrangement, each of the X chromo-
somes would have its arms closely aligned together
and thus make the impression of pairing with the Y
chromosome by one end. This is common in species
with the X XY system (Avila Herrera et al., 2021).
Nerudia also exhibits an increase in the size of the Y
chromosome. This usually results from incorporation
of autosome material (e.g. Schartl ef al., 2016) or from
expansion of heterochromatin (e.g. Kejnovsky et al.,
2009). In Nerudia ola, the Y chromosome reaches the
same size as the X chromosomes. The considerable
extension of the Y chromosome in Nerudia has been
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Figure 44. Principal component analysis of the environmental conditions for Nerudia representatives (red circles
and ellipse) and other Ninetinae (black triangles and dotted line ellipse). The ellipses encompass the values within a
95% confidence interval of a multivariate t-distribution. Darker symbols result from superimposition. Note that the
environmental conditions for Nerudia representatives are within the confidence interval for other ninetines, suggesting
that the environmental niche of Nerudia is not significantly different from other Ninetinae taxa.

accompanied by a decrease in the number of chromo-
some pairs, which indicates integration of chromo-
some fragment(s) into the Y chromosome. Accretion
of the Y chromosome has also been observed in some
haplogyne spiders with the XIX‘.EY system, namely
in some other pholcid lineages (Avila Herrera et al.,
2021) and a representative of the family Pacullidae
(Krél et al., 2019).

Kambiwa neotropica has an X X, X X Y system
(Avila Herrera et al., 2021), This could originate from
the X X,Y system by inclusion of one chromosome
pair (Avila Herrera et al., 2021). In this scenario, the
X X, X,Y system of Gertschiola and Nerudia arose
from the X X X X Y system by a centric fusion of the
mono-armed chromosomes X, and X,. Another plaus-
ible scenario is that the X X X XY system evolved
from the X X XY system by a non-disjunction or fis-
sion of one biarmed X chromosome. This second scen-
ario is favoured by the behaviour of chromosomes of
the X X X XY system during male meiosis. They ex-
hibit a similar pattern of heteropycnosis during this
period. If some chromosomes of the X X X X|Y system
had arisen from a chromosome pair, they would have
retained their original meiotic behaviour and would
therefore lack heteropycnosis. Therefore, the X X XY
system is probably an ancestral character of the South
American clade containing the genera Gertschiola,
Kambiwa and Nerudia.

A further character supporting the monophyly of
this clade with an X X, X, XY or X X XY system is
an X chromosome-linked NOR. While the number of

NORs varies considerably in pholcids (from one to
nine), the position of NORs in these spiders is con-
servative. Almost all analysed species have terminal
NORs. This pattern probably reflects the spreading
of rDNA by ectopic recombinations (Avila Herrera
et al., 2021). It has been suggested that ancestral
ninetines had two NOR-bearing chromosome pairs
(Avila Herrera ef al., 2021). This pattern is preserved
in Nerudia ola. In G. macrostyla, the number of NOR
bearing pairs has been reduced to one. As in other
haplogynes (Kral et al., 2006), NORs in pholcids have
often spread to sex chromosomes (Avila Herrera ef
al., 2021). Sex chromosome-linked NORs have origin-
ated at least five times in Pholcidae (Avila Herrera
et al., 2021). One of these events concerns Ninetinae.
While the sex chromosomes of Pholcophora (X, X,Y)
do not include NORs (Avila Herrera et al., 2021),
ninetines with more than two X chromosomes exhibit
a sex chromosome-linked NOR. In Gertschiola and
Kambiwa, this NOR is placed on an X chromosome
(Avila Herreraet al., 2021; this study). For Nerudia we
failed to determine unequivocally if a NOR is placed
on an X chromosome. Its placement on the X chromo-
some is supported by the fact that sex chromosome-
linked NORs of other studied haplogynes are located
on X chromosome(s) (Kral et al., 2006; Oliveira et al.,
2007) except for the Y-linked NOR of the Pholcinae
genus Nipisa Huber, 2018 (Avila Herrera et al., 2021).
In contrast to Kambiwa (Avila Herrera et al., 2021),
ninetines with the X X X Y system (Gertschiola and

Nerudia) have a sex chromosome-linked NOR at
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Figure 45. Sample of typical Nerudia habitats in Argentina. A, Jujuy, between San Salvador and Purmamarca (type
locality of N. colina sp. nov.). B, Salta, NW of Campo Quijano (type locality of N. poma sp. nov.). C, Catamarca, near Paso de
San Francisco (type locality of N. centaura sp. nov.). D, San Juan, W of Las Flores (type locality of N. rocio sp. nov.). E, La
Rioja, SE of Aimogasta (N. ola sp. nov.). F, Cérdoba, near Nono (type locality of N. nono sp. nov.).

the end of the sex chromosome, which is involved in
pairing (this study).

SAMPLING BIAS AND BIOGEOGRAPHIC ANALYSES

Our knowledge about the geographic distribution of
the genus Nerudia is greatly improved in the present
study. Originally the genus was known from a single
record in Chile (Huber, 2000) in the Andean region
sensu Morrone (2014, 2017). Torres et al. (2015) added
a second record in the Western Chacoan district in the
Chaco province in the Neotropical region. Our new re-
cords decrease the Wallacean shortfall in this genus
(i.e. the uncertainty regarding its geographic distribu-
tion; Hortal ef al., 2015) by filling gaps in the Chaco,
Cuyan High Andean and Monte provinces (sensu

Morrone, 2017). However, the records in the Chaco
province are mostly located at high-elevation areas
that have lower precipitation levels compared to the
Eastern district (Morrone, 2017), where no Nerudia
has been recorded so far. Most of the records of
Nerudia in the Chaco province are located close to the
Monte province, supporting the affinities of these two
provinces (Morrone, 2017). The distribution of Nerudia
within the Chaco province is similar to that observed
for Sicariinae spiders, which are also absent in mesic
Chaco localities (Magalhaes et al., 2017).

Qur results suggest a strong effect of sampling
bias on the Linnean (i.e. the uncertainty regarding
the number of described species of a taxon; Hortal et
al., 2015) and Wallacean shortfalls in this group of
spiders. We tested the null hypothesis that Nerudia
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specimens were found at highly sampled areas for
arthropods in general. This could result from a pref-
erence for sites visited by previous collectors. Our re-
sults do not support this hypothesis. This could, in
theory, be explained by the absence of sampling with
pitfalls traps in areas where Nerudia occurs. This ex-
planation is poorly supported considering the sam-
pling with pitfall traps at Rosario de Lerma (Salta,
Argentina), where Nerudia poma occurs but was not
collected by pitfall traps (Torres et al., 2015). Besides,
the correlation between the presence of Nerudia and
highly sampled areas for arachnids might be due to
a mere spurious correlation between these two vari-
ables, as 93% of the available specimens of Nerudia
were directly collected by us (BAH and MAI) in a sam-
pling expedition carried out in 2019. Most newly col-
lected specimens were found by active searching on
the undersides of rocks, directly looking for Ninetinae
spiders. This exemplifies the importance of research
projects focused on decreasing biodiversity shortfalls
of target taxa, and the need of specific search methods
adapted to those taxa.

The analysis of sampling bias was based on the
use of data from the Global Biodiversity Information
Facility — GBIF, which includes over 1 billion records
(Hughes et al., 2021). The GBIF data is not appro-
priate for studies that require detailed species lists
(e.g. Qian et al., 2022), and it provides less informa-
tion regarding range filling, range extent and climatic
niche of species than independent compilation efforts
(e.g. Beck et al., 2013). This is explained by the un-
even country-based policies and institutional support
for funding and dataset contributions to the plat-
form (Yesson et al., 2007; Beck et al., 2013; Hughes
et al., 2021). However, the present study compared
the density of records of arthropods and arachnids
mostly inside the Argentinean territory, an asso-
ciate participant country whose head of delegation is
an arachnologist (see https:/www.gbif org/the-gbif-
network). Therefore, GBIF data availability biases are
unlikely to provide false-positive results regarding
the effects of sampling bias in Nerudia spiders. On
the contrary, the sampling bias (e.g. presence of re-
cords close to main cities) observed herein, perfectly
corroborates comparative studies using large-scale
biodiversity data (e.g. Oliveira et al., 2016; Hughes
et al., 2021). An additional analytical bias accepted
herein results from the decision on using the records
of all Nerudia species to perform the species distri-
bution modelling. As stated before, this disregards in-
dividual species environmental thresholds. However,
this is unlikely to provide significant false-positives
(i.e. areas with high suitability for Nerudia repre-
sentatives), owing to the phylogenetically conserved
environmental niche, which implies that Nerudia spe-
cies share a similar niche.

Many ground-dwelling Pholcidae species, in-
cluding representatives of Ninetinae, can be col-
lected using pitfall traps. This was reported, for
example, for Ibotyporanga Mello-Leitdo, 1944 in the
semiarid Brazilian Caatinga (Huber & Brescovit,
2003), for Ninetis Simon, 1890 in desert scrub forests
in Madagascar, savannas in Namibia and dunes in
Somalia (Huber & El-Hennawy, 2007) and for Galapa
Huber, 2000 in salt marshes in the Galapagos Islands
(Baert, 2014). This agrees with the observation that
many ninetines (e.g. Galapa Huber, 2000; Ibotyporanga
Mello-Leitdo, 1944; Kambiwa Huber, 2000; Magana
Huber, 2019; Ninetis; Pinoquio Carvalho & Huber,
2022; Tolteca Huber, 2000) run quickly when dis-
turbed and easily drop to the ground (B. A. Huber & L.
S. Carvalho, pers. obs.). By contrast, representatives of
Nerudia live on the undersides of large rocks and seem
reluctant to drop to the ground when the rock is turned.
‘We thus hypothesize that representatives of Nerudia
show specific behaviours related to escape reaction at
disturbance that require focused and active sampling,
rather than generalist traps and/or passive sampling
methods. This hypothesis is corroborated by the posi-
tive correlation between the presence of Nerudia and
records of arachnids in the region. Laboratory and/or
field experiments are required to test if the anecdotal
observations of behavioural differences reflect statis-
tically significant patterns or not.

The distribution modelling suggests that Nerudia
is not expected to occur in the low-elevation areas in
the Eastern district of the Chaco biogeographic pro-
vince, although the sampling effort for arachnids in
that region is strikingly low (Fig. 43A). The eastern-
most record of Nerudia is located in the surroundings
of Cérdoba, one of the best sampled regions within
the Western district. A high relative occurrence rate
for Nerudia is predicted for the Atacama biogeo-
graphic province in northern Chile and the Puna bio-
geographic province in southern Bolivia (Fig. 43B).
However, these are poorly sampled regions as far as
the arachnid fauna is concerned (Fig. 43A), and the
only known records of Ninetinae in Chile are those
of Nerudia atacama and N, flecha. Based on our dis-
tribution model, we predict that the genus Nerudia
ranges much farther north in Chile than presently
known and into southern Bolivia. On the other hand,
a contrasting pattern can be observed in central
Chile, especially near Santiago. This region, where
arachnids have been sampled extensively (Fig. 43A),
coincides in our model with the southernmost re-
gion with high relative occurrence rate for Nerudia
(Fig. 43B), but no representative of Nerudia has been
recorded.

The geographical distribution of Nerudia seems
to be limited by extreme cold (e.g. higher Andes and
southern South America) and/or wet conditions (e.g.
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mesic Chaco localities). The climatic limitations ob-
served for Nerudia, along with the phylogenetically
conserved environmental niche observed for ninetines
in general, and the empirical natural history informa-
tion available, support the hypothesis that Nerudia
spiders have a limited dispersal ability, even under
a strong sampling bias scenario. Eberle ef al. (2018)
suggested that major differences in species richness
among Pholcidae clades may be due to evolutionary
microhabitat shifts. Ninetinae are extremely conser-
vative in this respect, with most species living under
or among rocks and in the dry leaf litter (B. A. Huber
& L. 8. Carvalho, pers. obs.). This may not only ex-
plain why Ninetinae are relatively species-poor com-
pared to other subfamilies, but it also suggests that
the diversification of ninetines may be largely due to
non-adaptive processes (Dimitrov et al., 2013). The
observed phylogenetically conserved environmental
niche of ninetines and the similar microhabitat cor-
roborates the higher importance that allopatric pro-
cesses, instead of dispersal events, have had on the
diversification process of Ninetinae (Dimitrov ef al.,
2013). The phylogenetic niche conservatism shown
here was also observed for Sicarius Walckenaer, 1847
spiders (Magalhaes ef al., 2019). However, these au-
thors emphasized the effect of correlation of geog-
raphy and climate with the phylogeny of Sicarius,
hypothesizing that stochastic or deterministic (e.g.
unmeasured spatially structured environmental con-
ditions), could be more important for the evolution of
that genus (Magalhaes et al., 2019).

The effect of changes in the environmental niche has
never been tested for pholcids before. While our results
corroborate previous studies on Pholcidae diversifica-
tion processes (e.g. Dimitrov et al., 2013; Eberle et al.,
2018), we admit that they are preliminary in several
ways, mainly for being based on a COI tree. Thus, upon
the availability of more information on the phylogen-
etic relationships in Pholcidae, including a larger
sampling among ninetines, phylogenetic comparative
studies should be carried out aiming to disentangle
the effect of microhabitat changes, geography and cli-
mate autocorrelations with the phylogeny of daddy
long-legs spiders.

CONCLUSIONS

¢ Previously, the Andean genus Nerudia Huber,
2000 was poorly known, similar to most Ninetinae
genera. It was monotypic and only seven adult
specimens from two localities had been reported
in the literature. We collected almost 400 adult
specimens of Nerudia within a month and found
them at 24 of the 52 visited localities in northern
Argentina.

e We formally describe ten new species based on
morphology and COI barcodes. Molecular data
suggest that our samples contain at least two
further species, represented by females only.

* We present the first SEM images of Nerudia. These
data (mainly tarsal organ shape; also epiandrous
spigots and spinnerets) fit the pattern of Ninetinae
and thus further confirm the position of Nerudia in
this subfamily.

* Nerudia was mostly found under rocks in arid
habitats, at a mean elevation of 1750 m a.s.l. The
highest record, at 4450 m a.s.l, represents the
highest known record for Pholcidae.

* We present the first karyological data for Nerudia
and for its putative sister-genus, Gertschiola.
Karyotype evolution of Ninetinae has been
accompanied by a reduction of the number of
chromosome pairs. Available data suggest a clade
including the South American genera Gertschiola,
Nerudia and Kambiwa. The ancestral karyotype
of this lineage contained 12 chromosome pairs, a
XXX YorX X X X Ysystemand an X chromosome-
linked NOR. The XXXY system is either a
synapomorphy linking Nerudia with Gertschiola or
amore ancestral character, predating the X X X XY
system of Kambiwa. The complex sex chromosome
systems of these spiders are derived from the X XY
system, which is probably ancestral for Haplogynae
spiders.

* We modelled the distribution of Nerudia, showing
that the genus is not expected to range far beyond
the area we sampled. To test this hypothesis, further
sampling is needed, in particular in the Atacama
and Puna biogeographic provinces, two regions
without any record of Nerudia so far.

* Qur analyses suggest that the environmental niche
of Nerudia, and that of Ninetinae in general, is
phylogenetically conserved. Niche conservatism
supports the action of non-adaptive radiation
in Pholcidae, in addition to mechanisms such
as diversification triggered by evolutionary
microhabitat shifts.

* We predict that focused collecting in arid New
World regions and habitats will uncover a
considerable diversity of Ninetinae, which suffer
from disproportionally strong Linnean and
Wallacean shortfalls compared to other daddy long-
legs spiders,
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Supplementary Figures

Figure S1. NJ-tree

Complete NJ CO1 tree, showing all analysed taxa. Accession numbers are shown for the taxa

taken from GenBank. For all other terminals, see Table 1 (in main paper).
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Figure S2. I1Q-tree

Tree resulting from analysis with IQ-Tree (version 2.1.3) (Minh et al., 2020;
https://doi.org/10.1093/molbev/msaa015) based on the nucleotide alignment of CO1 barcodes of
47 specimens. Accession numbers are shown for the taxa taken from GenBank. For all other
terminals, see Table 1 (in main paper). To overcome local optima during heuristics, we
performed 10 independent IQ-TREE runs (--runs 10), with a smaller perturbation strength (-pers
0.2) and larger number of stop iterations (-nstop 500). Branch supports were evaluated with
2000 ultrafast bootstrap (UF-Boot) (Minh ef al., 2013; https://doi.org/10.1093/molbev/mst024)
with the risk of potential model violations considered (-B 2000 -bnni). SH-aLRT branch test
(Guindon et al., 2010; https://doi.org/10.1093/sysbio/syq010) was performed using 2000
bootstrap replicates (-alrt 2000). Best-fitting substitution models were automatically determined
by the ModelFinder algorithm (Kalyaanamoorthy et al., 2017;
https://doi.org/10.1038/nmeth.4285) in IQ-TREE. Tree visualizations were finished with the
Newick utilities (version 1.6) (Junier & Zdobnov, 2010;
https://doi.org/10.1093/bioinformatics/btq243) and iTOL (Letunic & Bork, 2021;
https://doi.org/10.1093/nar/gkab301).
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Figure S3. Genetic distances

Genetic distances among sequenced Nerudia specimens. The evolutionary distances were
computed using the ape package (version 5.3) (Paradis & Schliep, 2019;
https://doi.org/10.1093/bioinformatics/bty633) and the Kimura 2-parameter model (Kimura,
1980; https://doi.org/10.1007/bf01731581) and all ambiguous positions were removed for each
sequence pair (pairwise deletion option). The visualization was done with the seaborn package
(version 0.11.2) (Waskom, 2021; https://doi.org/10.21105/j0ss.03021).
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Figure S4. ASAP analysis

Results of ASAP analysis (Puillandre et al., 2021; https://doi.org/10.1111/1755-0998.13281)
based on the Nerudia sequences using the graphical web-interface version of ASAP
(https://bioinfo.mnhn.fr/abi/public/asap/). Pairwise genetic distances were calculated based on
the Kimura 2-parameter model (Kimura, 1980; https://doi.org/10.1007/bf01731581). Different
partitions (i.e., proposed species delimitation models) are ranked based on their asap-scores,
which are composed of the barcode gap width (between different partitions) and the probability
of different groups of specimens of the current partition being separate species. The lower the
asap-score, the better the partition. Note that the most plausible species delimitation models
(scores 2.0, 3.0) support several species within ‘Nerudia ola’.
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Figure S5. Density of records

Density of records of arthropods (A) and arachnids (B) surrounding the geographic distribution
of Nerudia representatives. Dotted line represents 500 km buffer around Nerudia records (black
dots). Correlation between maps: 0.391. Numbered cities: (1) Santiago, (2) La Serena; (3)
Copiapo; (4) Cordoba; (5) Cafayate; (6) Salta; and (7) Tilcara.
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Figure S6. Probability of records

Probability of records of Nerudia based on the number of records of other Arachnida (left;
significant) or Arthropoda (right; non-significant) taxa. Darker colours represent superimposed
symbols.
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Figure S7. Ninetinae environmental niche variation

Principal component analysis of the environmental conditions for Nerudia representatives (red
circles and ellipse) and other Ninetinae (black triangles and dotted line ellipse). The ellipses
encompass the values within a multivariate t-distribution. Darker colours represent
superimposed symbols. Abbreviations of climatic variables: BIO1 - Annual mean temperature;
BIO2 - Mean diurnal range; BIO3 - Isothermality; BIO4 - Temperature Seasonality; BIOS —
Maximum temperature of warmest month; BIO6 - Minimum temperature of coldest month;
BIO7 - Temperature annual range; BIOS - Mean temperature of wettest quarter; BIO9 - Mean
temperature of driest quarter; BIO10 - Mean temperature of warmest quarter; BIO11 - Mean
temperature of coldest quarter; BIO12 - Annual precipitation; BIO13 - Precipitation of wettest
month; BIO14 - Precipitation of driest month; BIO15 - Precipitation seasonality; BIO16 -
Precipitation of wettest quarter; BIO17 - Precipitation of driest quarter; BIO18 - Precipitation of
warmest quarter; BIO19 - Precipitation of coldest quarter.

A
10

A

A

S A
= BIO17
5 A BIO14
.g 5
>
—
o
R
<
[e)]
~ 0
O
o

" Taxa
-@- Nerudia
-5 -4k Other Ninetinae

-5 0
PC1 (47.4% of variation)

217



Figure S8. Optimization of the environmental niche

Optimization of the environmental niche, based on the first axis of the principal component
analysis using 21 bioclimatic predictors.
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Supplementary Tables

Table S1. Significant principal components for the environmental layers

Significant principal components (PC) for the environmental layers used as predictors for the
species distribution modelling (SDM) for Nerudia representatives. The selected PCs are those in
which the total cumulative percentage of total variation sum at least 95%.

Parameter

PCl1 PC2 PC3 PC4 PC5 PC6 PC7

Standard deviation
Proportion of variance
Cumulative proportion

3.182 1.879 1.779 1.069 0.980 0.781 0.689
48.2% 16.8% 15.1% 5.4% 4.6% 29% 23%
48.2% 65.0% 80.1% 85.6% 90.1% 93.0% 95.3%
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Table S2. Correlations between the principal components and environmental predictors

Pearson correlation coefficients between the principal components (PC) and the environmental
layers used as predictors for the species distribution modelling (SDM) for Nerudia
representatives. The selected PCs are those in which the total cumulative percentage of total
variation sum at least 95%. Variables are sorted in order of importance for the first principal

component.
Variables PCI PC2 PC3 PC4 PC5 PC6 PC7
Min. temperature of coldest month 0.948 0.003 0256 0.149 -0.114 -0.038 0.001
Mean temperature of coldest quarter ~ 0.931  0.117 0321 0.038 -0.106 0.006 0.013
Annual mean temperature 0.882 -0.079 0.458 0.016 -0.054 -0.008 0.016
Annual precipitation 0.878 -0.070 -0.361 -0.267 0.067 -0.067 -0.012
Mean temperature of driest quarter 0.878 0.038 0.164 0.240 -0.062 -0.193 -0.037
Precipitation of wettest quarter 0.843 0.189 -0.297 -0.300 0.154 -0.184 -0.005
Precipitation of wettest month 0.836 0.183 -0.303 -0.312 0.155 -0.192 0.006
Precipitation of warmest quarter 0.825 0.034 -0.121 -0.401 -0.019 0.173 0.126
Mean temperature of warmest quarter 0.734  -0.354 0.574 0.001 0.011 -0.044 -0.004
Mean temperature of wettest quarter ~ 0.718  -0.135 0.595 -0.138 -0.057 0.128 0.062
Canopy height 0.705 0.237 -0.186 0.173 0.436 0.208 -0.609
Max. temperature of warmest month ~ 0.642  -0.384 0.637 -0.084 0.074 -0.075 -0.054
Precipitation of driest quarter 0476 -0.626 -0.519 -0.076 -0.096 0.238 0.057
Tree density 0.430 0.173 0.075 0378 0.670 0.255 0.333
Precipitation of driest month 0.427 -0.647 -0.520 -0.077 -0.099 0.252 0.063
Isothermality 0.404 0.810 -0.160 -0.054 -0.194 0.214 -0.033
Precipitation of coldest quarter 0.312 -0.422 -0.661 0.090 0.209 -0.324 0.038
Precipitation seasonality -0.211  0.801  0.099 -0.168 0.163 -0.185 0.159
Temperature seasonality -0.602 -0.711 0.249 -0.066 0.204 -0.067 -0.021
Mean diurnal range -0.609 0.243  0.309 -0.533 0.171  0.171  -0.048
Temperature annual range -0.687 -0.458 0.362 -0.328 0.262 -0.030 -0.064
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Table S3. Contribution of the principal components to species distribution modelling

Contribution of the principal components described in Tables S1-2 to the species distribution
modelling, carried out with Maxent, without applying a threshold rule, with 500 maximum
interactions, random test percentage of 25%, raw output formatted, with 15 bootstrap replicates,
and by choosing to remove duplicates from the same gridcell. The average training AUC for the
replicate runs is 0.971, and the standard deviation is 0.004.

Variable Percent contribution Permutation importance
PC1 43 61.8

PC2 33.6 29.3

PC3 18.1 6

PC4 1 0.3

PC5 1.3 0.1

PC6 1.8 1.8

PC7 1.1 0.7
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Table S4. Records of Ninetinae used in biogeographic analyses

Taxa

Locality

Enetea apatellata
Galapa baerti
Galapa baerti
Galapa baerti?
Galapa baerti?
Galapa baerti?
Galapa bella

Galapa bella
Galapa bella

Galapa floreana
Galapa spiniphila

Gertschiola macrostyla
Gertschiola macrostyla

Gertschiola macrostyla

Gertschiola macrostyla
Gertschiola macrostyla

Gertschiola macrostyla
Gertschiola macrostyla
Gertschiola macrostyla
Gertschiola macrostyla
Gertschiola macrostyla
Gertschiola macrostyla
Gertschiola macrostyla
Gertschiola macrostyla
Gertschiola macrostyla

Gertschiola macrostyla
Gertschiola macrostyla
Gertschiola macrostyla
Gertschiola macrostyla
Gertschiola macrostyla
Gertschiola macrostyla
Gertschiola macrostyla?
Gertschiola neuquena

Gertschiola neuquena
Gertschiola neuquena
Gertschiola neuquena
Gertschiola neuquena
Gertschiola neuquena

Bolivia, Beni, Est. Biol. Beni, El Trapiche, -14.737, -66.265
Ecuador, Galapagos Isl., Santiago, Bucanero Cove, -0.272, -90.849
Ecuador, Galapagos Isl., Santiago, Cerro Cowan, -0.21, -90.78
Ecuador, Galapagos Isl., Santa F¢é, -0.805, -90.048

Ecuador, Galapagos Isl., Islote Venecia, -0.5178, -90.476

Ecuador, Galapagos Isl., Pinta, littoral zone, 0.545, -90.738

Ecuador, Galapagos Isl., Santa Cruz, Academy Bay, Darwin Res. St., -
0.741, -90.305

Ecuador, Galapagos Isl., Santa Cruz: 1 km SW Garrapatero beach, -0.7007,
-90.228

Ecuador, Galapagos Isl., Santa Cruz: near Canal de Itabaca, -0.4936, -
90.286

Ecuador, Galapagos Isl., Floreana, La Loberia, -1.2831, -90.4907

Venezuela, Falcon, Peninsula de Paraguana, near Cueva del Guano,
11.9026, -69.9456
Argentina, Catamarca, Joyango, 60 km S Andalgala, -28.1, -66.13

Argentina, Catamarca, between Fiambala and Tinogasta, -27.9872, -
67.63006

Argentina, Catamarca, Quebrada del Cura, between Belén and Andalgala, -
27.6, -66.6

Argentina, Catamarca, Andalgala, -27.6, -66.31

Argentina, Cordoba, between Villa Dolores and Chancani, -31.8328, -
65.2647
Argentina, La Rioja, SE Aimogasta, ‘site 2°, -28.9015, -66.6538

Argentina, San Juan, Cuesta de Marayes, -31.4949, -67.3358

Argentina, San Juan, Valle Fértil, Chucuma, -31.0372, -67.2858
Argentina, San Juan, ~7.5 km S Astica, -31.0223, -67.2976

Argentina, San Juan, 50 km N Marayes, -31.0, -67.25

Argentina, San Juan, Astica, -30.95, -67.31

Argentina, San Juan, San Agustin de Valle Fértil, -30.6366, -67.4863
Argentina, San Juan, Parque Provincial Ischigualasto, -30.1839, -67.9026

Argentina, San Juan, between San José de Jachal and Huaco, -30.1497, -
68.6063
Argentina, San Juan, Ischigualasto, -30.0, -68.0

Argentina, San Luis, Sierra de las Quijadas N.P., -32.469, -66.961
Argentina, San Luis, Merlo, -32.33, -64.95

Argentina, Santiago del Estero, Sumampa Viejo, -29.4, -63.43

Argentina, Tucuman, Bafado, -26.45, -65.98

Argentina, San Luis, Sierra de las Quijadas N.P., -32.4937, -66.9627
Argentina, La Rioja, between Chilecito and Famatina, -29.0027, -67.4855

Argentina, Chubut, Peninsula Walden, Puerto Piramides, -42.5667, -
64.2833
Argentina, La Pampa, Gobernador Duval, -38.71, -66.4

Argentina, Mendoza, Bardas Blancas, -35.87, -69.8
Argentina, Mendoza, Nihuil, -35.01, -68.66

Argentina, Neuquén, Piedra del Aquila, -40.05, -70.08
Argentina, Neuquén, Ciudad de Neuquén, -38.95, -68.66
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Taxa

Locality

Gertschiola neuquena

Gertschiola neuquena
Gertschiola neuquena
Gertschiola neuquena
Gertschiola sp.
Gertschiola sp.
Gertschiola sp.
Guaranita dobby
Guaranita dobby
Guaranita dobby
Guaranita goloboffi
Guaranita goloboffi
Guaranita goloboffi
Guaranita goloboffi

Guaranita goloboffi
Guaranita goloboffi
Guaranita goloboffi
Guaranita goloboffi
Guaranita goloboffi
Guaranita goloboffi?

Guaranita goloboffi?
Guaranita goloboffi?

Guaranita goloboffi?

Guaranita munda
Guaranita munda
Guaranita munda
Guaranita munda
Guaranita munda?
Guaranita munda?
Guaranita sp.

Guaranita sp.
Guaranita sp.

Guaranita sp.
Guaranita sp.
Guaranita yaculica
Guaranita yaculica

Guaranita yaculica
Guaranita yaculica
Guaranita yaculica

Guaranita yaculica

Argentina, Neuquén, Confluencia: Planicie Banderita/Loma de la Lata, -
38.45, -68.68
Argentina, Neuquén, Paso Huitrin, -37.66, -69.98

Argentina, Rio Negro, Ne Luan, -41.5, -68.68

Argentina, Rio Negro, [Cerro] Campana Mahuida(?), -40.1, -69.5
Argentina, La Rioja, between Chilecito and Famatina, -29.0027, -67.4855
Argentina, La Rioja, SE Aimogasta, ‘site 2°, -28.9015, -66.6538
Argentina, Catamarca, ~14 km W Fiambala, -27.659, -67.7607
Argentina, Salta, 9 km E Cabra Corral dam, -25.2945, -65.2838
Argentina, Salta, 1 km N Charrillos, -24.7378, -65.7545
Argentina, Salta, ~55 km NW Campo Quijano, -24.4716, -65.9272
Argentina, Salta, Chuscha, 6 km NW Cafayate, -26.0333, -66.0167
Argentina, Salta, Alemania, 7 km S, El Hongo, -25.67, -65.6
Argentina, Salta, 7 km E Cabra Corral dam, -25.2944, -65.2836

Argentina, Salta, nr. Cabra Corral dam, 6 km E Coronel Moldes, -25.28, -
65.42
Argentina, Salta, 9 km E Cabra Corral dam, -25.2861, -65.2522

Argentina, Salta, 11 km E Cabra Corral dam, -25.26, -65.22

Argentina, Salta, Road to Cabra Corral dam, -25.1227, -65.0622
Argentina, Salta, Road to El Carmen, -24.52, -65.3508

Argentina, Tucuman, Rio India Muerta, road to Ticucho, -26.55, -65.27

Argentina, Catamarca, ~5 km NW Chumbicha, near Balneario El Caolin,
‘site 1°, -28.8152, -66.2478
Argentina, Salta, ~1 km SW Alemania, -25.63, -65.618

Argentina, Salta, Cabra Corral, ‘site 3°, ~3.5 km SE of dam, -25.2907, -
65.3057

Argentina, Salta, Cabra Corral, ‘site 1°, ~5 km E Coronel Moldes, -25.287,
-65.4238

Argentina, Catamarca, Cerro Colorado -27.0, -66.0

Argentina, Corrientes, Corrientes City, Laguna Brava, -27.49, -58.716
Argentina, Jujuy, Ledesma Dept., Caimancito oilfield, -23.6452, -64.6042
Brazil, Rio Grande do Sul, Quaréi, Estancia Sdo Roberto, -30.37, -56.42
Argentina, Cordoba, ~2.5 km E Nono, -31.8025, -64.9762

Argentina, Cordoba, ~1.5 km E Nono, -31.798, -64.9877

Argentina, Jujuy, between San Salvador and Purmamarca, 'site 2', -23.8849,
-65.4613

Argentina, Entre Rios, PN El Palmar, -31.9, -58.25

Argentina, Entre Rios, PN El Palmar, Arroyo El Palmar, -31.8931, -
58.2385

Argentina, Entre Rios, PN El Palmar, Sector Sur, -31.8877, -58.3119
Argentina, Salta, ~5 km W Cafayate, ‘site 1°, -26.0641, -66.0294
Argentina, Corrientes, nr. Tacuarita, -28.85, -58.44

Argentina, Jujuy, Calilegua N.P., Seccional Aguas Negras, -23.7667, -
64.8517

Argentina, Jujuy, Calilegua N.P., park entry area, -23.76, -64.85
Argentina, Jujuy, Aguas Negras, -23.7217, -64.8267

Argentina, Jujuy, Calilegua N.P., N Margins Zanjon Seco, -23.6868, -
64.5738

Argentina, Jujuy, Calilegua N.P., Caimancito oilfield, -23.617, -64.6008
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Taxa Locality

Guaranita yaculica Argentina, Salta, Aguas Blancas-Yaculica, -22.72, -64.4

Guaranita yaculica? Argentina, Jujuy, Calilegua National Park, ~1 km NW of headquarters, -
23.754, -64.8537

Guaranita yaculica? Paraguay, Boqueron, Enciso, -21.206, -61.6574

Guaranita yaculica? Paraguay, Boqueron, Enciso, -21.1997, -61.6607

Guaranita yaculica? Argentina, Jujuy, Calilegua National Park, near camping area, -23.7612, -

Ibotyporanga bariro
Ibotyporanga diroa
Ibotyporanga diroa
Ibotyporanga emekori
Ibotyporanga emekori
Ibotyporanga emekori
Ibotyporanga emekori
Ibotyporanga emekori
Ibotyporanga naideae
Ibotyporanga naideae
Ibotyporanga naideae
Ibotyporanga naideae
Ibotyporanga naideae

Ibotyporanga naideae
Ibotyporanga naideae
Ibotyporanga naideae

Ibotyporanga naideae
Ibotyporanga naideae
Ibotyporanga naideae
Ibotyporanga naideae
Ibotyporanga naideae

Ibotyporanga naideae

Ibotyporanga naideae
Ibotyporanga naideae
Ibotyporanga naideae

Ibotyporanga naideae

Ibotyporanga naideae
Ibotyporanga naideae

Ibotyporanga naideae
Ibotyporanga naideae
Ibotyporanga naideae
Ibotyporanga ramosae
Ibotyporanga ramosae
Ibotyporanga sp.

64.8517
Venezuela, Falcon, SE Bariro, 10.7304, -70.6957

Brazil, Bahia, Toca da Esperanca, Jussara, -11.15, -42.11

Brazil, Bahia, near Toca da Esperanga, -11.0314, -42.0672

Brazil, Bahia, Central, Abrigo de Pildes, -11.0577, -42.1044
Brazil, Bahia, Central, Toca do Indio, -11.018, -42.1558

Brazil, Bahia, Interior da Gruta dos Noivos, -12.4166, -45.0749
Brazil, Bahia, Serra do Pau D'Arco, near Toca do Indio, -11.0534, -42.1252
Brazil, Bahia, Toca de Piloes, -11.0578, -42.1044

Brazil, Amazonas, Manaus, Reserva Campina, -2.5908, -60.0308
Brazil, Maranhao, Reserva Ecologica Inhamum, -4.8917, -43.4147
Brazil, Maranhao, Campus UEMA, -4.8658, -43.355

Brazil, Mato Grosso, Poconé: Fazenda Sta. Ines, -16.26, -56.62

Brazil, Mato Grosso do Sul, Usina Hidrelétrica Sérgio Motta, -22.4781, -
52.9581
Brazil, Mato Grosso do Sul, Hotel Passo do Lontra, -19.5747, -57.03778

Brazil, Mato Grosso do Sul, Morro do Azeite, -19.4833, -57.3167

Brazil, Mato Grosso do Sul, Piraputanga, Fazenda Correntes II, -20.45, -
55.5
Brazil, Minas Gerais, Campus da UFMG, -19.8683, -43.9658

Brazil, Minas Gerais, trail to Cachoeira das Ostras, -20.0947, -44.0154
Brazil, Minas Gerais, Floresta Estadual Uaimii, -20.2966, -43.5747
Brazil, Minas Gerais, Fazenda Sapé, -19.5, -44.1167

Brazil, Minas Gerais, Parque Municipal das Mangabeiras, -19.9541, -
43.9053

Brazil, Minas Gerais, Monumento Natural Serra da Calg¢ada, -20.0971, -
44.0279

Brazil, Para, Aura, -1.41, -48.39

Brazil, Para, Bosque Rodrigues Alves, -1.4303, -48.4562

Brazil, Piaui, Fazenda Nazareth, Municipio de José de Freitas, -4.756, -
42.5755

Brazil, Piaui, Fazenda do Colégio Técnico de Floriano, at Rio Parnaiba, -
6.7592, -43.0550

Brazil, Piaui, Interior de residéncia, Bairro Meladéo, -6.7836, -43.0399

Brazil, Piaui, Distrito de Irrigagdo de Tabuleiros Litoraneos do Piaui, -
3.0123, -41.7968
Brazil, Piaui, Parque Municipal Pedra do Castelo, -5.2016, -41.6872

Brazil, Tocantins, Porto Nacional, -10.7, -48.4

Brazil, Sdo Paulo, Campinas, -22.9, -47.07

Brazil, Bahia, Sdo Desidério, Gruta das Pedras Brilhantes, -12.609, -45.00
Brazil, Bahia, near Gruta da Passagem, -12.4177, -45.0743

Brazil, Rondonia, Floresta Nacional do Jamari, Trilha Pedra Grande, -
9.1979, -63.0810
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Ibotyporanga sp.

Ibotyporanga sp.
Ibotyporanga sp.
Ibotyporanga sp.
Ibotyporanga sp.
Ibotyporanga sp.
Ibotyporanga sp.
Ibotyporanga sp.

Ibotyporanga sp.
Ibotyporanga sp.
Ibotyporanga sp.

Ibotyporanga sp.
Ibotyporanga sp.
Ibotyporanga sp.
Ibotyporanga sp.
Ibotyporanga sp.
Ibotyporanga sp.
Ibotyporanga sp.
Ibotyporanga sp.
Ibotyporanga sp.
Ibotyporanga sp.
Ibotyporanga sp.
Ibotyporanga sp.
Ibotyporanga sp.

Kambiwa anomala

Kambiwa neotropica
Kambiwa neotropica
Kambiwa neotropica
Kambiwa neotropica
Kambiwa neotropica

Kambiwa neotropica
Kambiwa neotropica
Kambiwa neotropica
Kambiwa sp.
Kambiwa sp.
Kambiwa sp.
Kambiwa sp.
Kambiwa sp.
Kambiwa sp.
Kambiwa sp.
Kambiwa sp.
Kambiwa sp.

Brazil, Rondonia, Floresta Nacional de Jamari, Gran Piedra, -9.198, -
63.082
Paraguay, Boqueron, Enciso, -21.2029, -61.6591

Brazil, Piaui, Parque Nacional da Serra das Confusdes, -8.9756, -43.8181
Brazil, Piaui, Parque Nacional da Serra das Confusdes, -9.2257, -43.4630
Brazil, Piaui, Parque Nacional da Serra das Confusdes, -8.9380, -43.8633
Brazil, Ceara, Sitio Fundao, -7.2345, -39.4384

Brazil, Piaui, Bairro Morada do Sol, -5.0656, -42.7669

Brazil, Piaui, Fazenda Bonito, ECB Rochas Ornamentais do Brasil LTDA, -
5.2266, -41.6970

Brazil, Piaui, Parque Nacional da Serra da Capivara, near Baido das
Andorinhas, -8.8605, -42.6863

Brazil, Piaui, Parque Nacional da Serra da Capivara, Baixao das
Andorinhas, -8.8614, -42.6867

Brazil, Piaui, Parque Nacional da Serra da Capivara, near Boqueirdo do
Ferreira, -8.7476, -42.4870

Brazil, Piaui, Bairro Via Azul, -6.7827, -43.0179

Brazil, Piaui, Residencial Angelim, Bairro Curtume, -6.7922, -43.0117
Brazil, Piaui, Bairro Meladao, -6.7836, -43.0399

Brazil, Piaui, Parque Municipal Pedra do Castelo, -5.2016, -41.6872
Brazil, Roraima, at road BR432, ~10km from Canta, 2.5876, -60.641
Brazil, Minas Gerais, at road BR 367, -16.5689, -41.4838

Brazil, Minas Gerais, near Itaobim, -16.5688, -41.4809

Brazil, Minas Gerais, at road BR 111, -16.5061, -41.5089

Brazil, Bahia, Fazenda do Seu Washinton, -14.1830, -42.81280

Brazil, Bahia, near Buraco do Possidonio, -11.6473, -41.2694

Brazil, Bahia, at road BA-046, -11.793, -42.2901

Brazil, Bahia, Cachoeira da Samambaia, Rio Catolés, -13.306, -41.8544

Venezuela, Falcon, Peninsula de Paraguana, near Cueva del Guano,
11.9026, -69.9456
Brazil, Paraiba, Campina Grande, -7.22, -35.89

Brazil, Ceara, Zona rural, -5.9992, -38.5366

Brazil, Ceara, Serra do Urucu, Santuario Nossa Senhora, -5.035, -39.0106
Brazil, Pernambuco, Recife, -8.05, -34.9

Brazil, Rio Grande do Norte, Lajedo do Arapud, -5.5286, -37.614

Brazil, Rio Grande do Norte, Estagdo Ecoldgica do Serido, -6.5875, -
37.2553
Brazil, Rio Grande do Norte, near Portalegre, -6.0163, -37.9916

Brazil, Sergipe, Usina Hidrelétrica do Xingo, -9.6244, -37.7967
Brazil, Rio Grande do Norte, Lajedo do Arapud, -5.5292, -37.6143
Brazil, Piaui, Parque Nacional Serra da Capivara, -8.7672, -42.56
Brazil, Maranhao, Reserva Ecologica Inhamum, -4.8917, -43.4147
Brazil, Piaui, Parque Nacional da Serra das Confusoes, -9.2211, -43.4892
Brazil, Piaui, Fazenda Nazareth, -4.7994, -42.63

Brazil, Piaui, Povoado Boa Hora, -4.9060, -42.8736

Brazil, Piaui, Povoado Bela Vista, -4.9224, -42.8633

Brazil, Minas Gerais, Lavras, -21.2483, -45.00139

Brazil, Bahia, near Sede da Ferbasa, -13.4711, -40.4380

Brazil, Mato Grosso do Sul, Horto Barra do Moeda, -20.95, -51.7833
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Kambiwa sp.
Kambiwa sp.
Kambiwa sp.
Kambiwa sp.
Kambiwa sp.

Kambiwa sp.

Kambiwa sp.
Kambiwa sp.

Kambiwa sp.
Kambiwa sp.
Kambiwa sp.
Kambiwa sp.
Kambiwa sp.
Kambiwa sp.
Kambiwa sp.

Kambiwa sp.
Kambiwa sp.

Kambiwa sp.

Kambiwa sp.
Kambiwa sp.
Magana velox
Nerudia atacama
Nerudia atacama
Nerudia centaura

Nerudia centaura
Nerudia centaura
Nerudia colina
Nerudia colina

Nerudia flecha
Nerudia guirnalda

Nerudia guirnalda
Nerudia guirnalda
Nerudia hoguera

Brazil, Pernambuco, near Riacho Itacuruba, -8.7874, -38.6983

Brazil, Minas Gerais, Parque Estadual da Mata Seca, -14.8494, -44.0078
Brazil, Minas Gerais, Parque Estadual da Mata Seca, -14.8483, -43.9881
Brazil, Minas Gerais, Fazenda Sapé¢, -19.4684, -44.2416

Brazil, Para, FLONA de Carajas, Cave N30031 (GEM-1920), -6.0436, -
50.2192

Brazil, Para, FLONA de Carajas, Cave N30027 (GEM-1916), -6.0444, -
50.2194

Brazil, Para, FLONA de Carajas, Cave N30070, -6.0442, -50.23

Brazil, Para, FLONA de Carajas, Cave N4WS0057 (GEM-1836), -6.0758, -
50.1911

Brazil, Para, FLONA de Carajas, Cave NAWS0060 (GEM-1839), -6.0981, -
50.19

Brazil, Para, FLONA de Carajas, Cave N5SM 10014 (GEM-1187), -6.1069,
-50.135

Brazil, Para, FLONA de Carajas, Cave N5S0026 (GEM-1023), -6.0875, -
50.1272

Brazil, Para, FLONA de Carajas, Cave NAWS0076 (GEM-1860), -6.0744, -
50.1883

Brazil, Para, FLONA de Carajas, Cave N5S0005 (GEM-1047), -6.1058, -
50.1336

Brazil, Para, FLONA de Carajas, Cave N4E0053 (GEM-1099), -6.0342, -
50.1672

Brazil, Para, FLONA de Carajas, Cave N4E0048 (GEM-995), -6.0375, -
50.1603

Brazil, Ceara, at road BR 122, -5.5735, -38.9704

Brazil, Pernambuco, Parque Nacional do Catimbau, Trilha da Igreja, -
8.3343, -35.9609

Brazil, Piaui, Parque Nacional de Sete Cidades, near Cachoeira do Riachao,
-4.1060, -41.6764

Brazil, Rio Grande do Norte, at road BR 304, -5.6755, -36.4992

Bolivia, Santa Cruz, Yabaré, -16.4417, -62.1725

Oman, Ash Sharqiyah South, between Sur and Al Kamil, 22.462, 59.388
Chile, Atacama, Cuesta Pajonales, S Domeyko, -29.151, -70.98

Chile, Atacama, Cuesta Pajonales, S Domeyko, -29.146, -70.997
Argentina, Catamarca, ~20 km E Paso de San Francisco, ‘site 1°, -26.9276,
-68.0709

Argentina, Catamarca, ~20 km E Paso de San Francisco, ‘site 2’, -26.936, -
68.0925

Argentina, Catamarca, ~20 km E Paso de San Francisco, ‘site 2°, highest, -
26.9369, -68.0977

Argentina, Jujuy, between San Salvador and Purmamarca, 'site 2', -23.8849,
-65.4613

Argentina, Jujuy, between San Salvador and Purmamarca, 'site 1', -23.8866,
-65.4588

Chile, Coquimbo, Pascua Lama, -29.445, -70.502

Argentina, Catamarca, EI Rodeo, trail to Cristo Redentor, -28.2229, -
65.8677

Argentina, Catamarca, Mutquin, -28.3167, -66.1167

Argentina, Catamarca, El Rodeo, -28.2167, -65.8667

Argentina, La Rioja, between Chilecito and Famatina, -29.0027, -67.4855
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Locality

Nerudia rocio
Nerudia nono
Nerudia ola
Nerudia ola
Nerudia ola
Nerudia ola
Nerudia ola
Nerudia ola

Nerudia ola?

Nerudia ola?
Nerudia ola?
Nerudia ola?
Nerudia ola?

Nerudia ola?
Nerudia ola?
Nerudia ola?
Nerudia ola?
Nerudia ola?
Nerudia ola?
Nerudia ola?
Nerudia ola?

Nerudia poma

Nerudia poma
Nerudia poma
Nerudia poma

Nerudia poma

Nerudia poma

Nerudia poma?
Nerudia poma?
Nerudia sp. Argl63
Nerudia sp. Arg23a

Nerudia trigo
Nerudia trigo

Ninetinae undetermined

genus

Ninetinae undetermined

genus

Ninetinae undetermined

genus

Ninetinae undetermined

genus

Ninetinae undetermined

genus

Argentina, San Juan, ~35 km W Las Flores, -30.3967, -69.5576
Argentina, Cordoba, ~5 km E Nono, -31.7982, -64.9515

Argentina, San Juan, ~7.5 km S Astica, -31.0223, -67.2976

Argentina, San Juan, San Agustin de Valle Fértil, -30.6366, -67.4863
Argentina, San Juan, Parque Provincial Ischigualasto, -30.1839, -67.9026
Argentina, San Juan, Parque Provincial Ischigualasto, -30.1821, -67.901
Argentina, San Juan, Baldecitos, -30.2232, -67.6942

Argentina, San Juan, Valle Fértil, Parque Natural Valle Fértil, -30.6378, -
67.4892

Argentina, Catamarca, ~5 km NW Chumbicha, near Balneario El Caolin,
'site 2', -28.8109, -66.25

Argentina, Catamarca, near Nacimientos, -27.1559, -66.6925

Argentina, Catamarca, ~10 km N Belén, -27.5641, -67.0058
Argentina, Catamarca, ~14 km W Fiambala, -27.659, -67.7607

Argentina, Catamarca, ~5 km NW Chumbicha, near Balneario El Caolin,
'site 1', -28.8152, -66.2478
Argentina, Catamarca, Chumbicha, -28.8667, -66.2333

Argentina, La Rioja, SE Aimogasta, ‘site 2°, -28.9015, -66.6538
Argentina, La Rioja, Cuesta de Miranda, ‘site 1°, -29.3511, -67.7924
Argentina, La Rioja, Cuesta de Miranda, ‘site 2°, -29.3468, -67.7205
Argentina, La Rioja, between Chilecito and Famatina, -29.0027, -67.4855
Argentina, La Rioja, Cuesta de Miranda, -29.35, -67.72

Argentina, San Juan, ~35 km W Las Flores, -30.3967, -69.5576
Argentina, La Rioja, SE Aimogasta, ‘site 1°, -28.8069, -66.6635

Argentina, Catamarca, ~5 km NW Chumbicha, near Balneario El Caolin,
'site 2', -28.8109, -66.25
Argentina, La Rioja, SE Aimogasta, ‘site 2°, -28.9015, -66.6538

Argentina, Salta, ~15 km NW Campo Quijano, -24.7918, -65.7297

Argentina, Salta, Cabra Corral, ‘site 3°, ~3.5 km SE of dam, -25.2907, -
65.3057

Argentina, Salta, Cabra Corral, ‘site 4°, W end of bridge, -25.2837, -
65.3939

Argentina, Salta, 35 km NW Rosario de Lerma, -24.7378, -65.7544

Argentina, Salta, ~5 km W Cafayate, ‘site 1°, -26.0641, -66.0294
Argentina, Salta, Chuscha, 6 km NW Cafayate, -26.035, -66.017
Argentina, La Rioja, SE Aimogasta, ‘site 2°, -28.9015, -66.6538
Argentina, San Juan, ~35 km W Las Flores, -30.3967, -69.5576
Argentina, Salta, ~1 km SW Alemania, -25.63, -65.618

Argentina, Salta, between Alemania and Cafayate, -25.7023, -65.7022
Cuba, Santiago de Cuba, Siboney, no precise locality, 19.96, -75.71

Brazil, Mato Grosso do Sul, Assentamento Canda, Cave Gruta Corrego
Azul I (Gruta 1), -20.7631, -56.7528

Brazil, Para, FLONA de Carajas, Cave NdWS0055 (GEM-1834), -6.0806, -
50.1958

Brazil, Piaui, Parque Nacional da Serra da Capivara, near Boqueirdo do
Ferreira, -8.7476, -42.4870

Brazil, Minas Gerais, Parque Nacional Cavernas do Peruacu, area de
antenas de radio/TV, -15.0498, -44.1819
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Ninetinae undetermined Brazil, Minas Gerais, Parque Nacional Cavernas do Peruagu, near Lapa do

genus Rezar, -15.1430, -44.2343

Papiamenta levii Netherlands Antilles, Curagao, Coral [Koraal] Specht, 3 km E Willemstad,
12.0909, -68.8909

Papiamenta levii Netherlands Antilles, Curacgao, S slope Veeris Berg, 12.1258, -68.9643

Papiamenta levii Netherlands Antilles, Curagao, Piscadera Baai, 12.1395, -68.9675

Papiamenta levii Netherlands Antilles, Curacao, SE airport, 12.1787, -68.9447

Papiamenta savonet Netherlands Antilles, Curagao, 3 km N Savonet, 12.37, -69.124

Papiamenta sp. Netherlands Antilles, Curagao, Grote Berg, 12.1909, -68.9979

Papiamenta sp. Netherlands Antilles, Curagao, near San Juan, Manzalina beach, 12.245, -
69.105

Papiamenta sp. Netherlands Antilles, Curacao, Boca San Pedro [Boka San Pedro], 12.256, -
69.043

Pemona sapo Venezuela, Bolivar, Canaima, near Salto El Sapo, 6.254, -62.848

Pholcophora americana USA, Oregon, Josephine Co., Siskiyou Nat. Forest, 42.337, -123.6095
Pholcophora americana Canada, British Columbia, Ashcroft, 50.6907, -121.2726
Pholcophora americana Canada, British Columbia, Ashcroft, 50.6006, -121.2961
Pholcophora americana Canada, British Columbia, Ashcroft, 50.5389, -121.2768
Pholcophora americana Canada, British Columbia, Ashcroft, 50.5252, -121.2787
Pholcophora americana USA, California, Aspen Valley, Yosemite Park, 37.83, -119.77
Pholcophora americana USA, California, Balboapark, San Diego, 32.734, -117.145

Pholcophora americana USA, Idaho, Boise Co., Boise River above Arrowrock Dam, 43.597, -
115.922
Pholcophora americana USA, New Mexico, Cibola Co., Mt. Taylor, 35.24, -107.61

Pholcophora americana Canada, British Columbia, Cranbrook, 49.5736, -115.5064
Pholcophora americana USA, Montana, Flathead Co., Bigfork, 48.06, -114.07

Pholcophora americana USA, Montana, Flathead Co., La Salle, 48.3, -114.24

Pholcophora americana Canada, British Columbia, Flathead Valley, 49.1269, -114.4101
Pholcophora americana USA, California, Grizzly Peak nr. Berkley, 37.883, -122.239
Pholcophora americana Canada, British Columbia, Hedley, Old Hedley Road, 49.382, -119.160
Pholcophora americana Canada, British Columbia, Hedley, Old Hedley Road, 49.384, -120.190
Pholcophora americana Canada, British Columbia, Hudson's Hope, 56.0966, -121.8158
Pholcophora americana USA, Oregon, Jackson Co., nr. Medford, 42.3, -122.87

Pholcophora americana Canada, British Columbia, Keremeos, Ashnola River Road, 49.188, -
120.002
Pholcophora americana USA, Oregon, Klamath Co., Crater Lake NP, 42.87, -122.17

Pholcophora americana USA, Colorado, Larimer Co., Ft. Collins, 40.55, -105.1

Pholcophora americana Canada, British Columbia, Lillooet, Bridge River, Trehorne Dam, 50.8076,
-122.1757

Pholcophora americana Canada, British Columbia, Lillooet, Yalakom River Road, km 38, 50.8859,
-122.2058

Pholcophora americana Canada, British Columbia, Lillooet, Yalakom River Road, Yalakom River

Forest Recreation Site, 50.9128, -122.2383
Pholcophora americana Canada, British Columbia, Merritt, 49.9361, -120.9051

Pholcophora americana USA, Colorado, Montrose Co., Black Canyon of the Gunnison, 38.58, -

107.71

Pholcophora americana Canada, British Columbia, Okanagan Falls, Allendale Road, 49.3260, -
119.5447

Pholcophora americana Canada, British Columbia, Okanagan Falls, Vaseaux Lake, 49.2999, -
119.5273
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Pholcophora americana
Pholcophora americana
Pholcophora americana
Pholcophora americana

Pholcophora americana
Pholcophora americana
Pholcophora americana
Pholcophora americana

Pholcophora americana
Pholcophora americana
Pholcophora americana
Pholcophora americana
Pholcophora americana

Pholcophora americana
Pholcophora americana
Pholcophora americana
Pholcophora americana

Pholcophora americana
Pholcophora americana

Pholcophora americana
Pholcophora americana
Pholcophora bahama
Pholcophora bahama
Pholcophora maria
Pholcophora mexcala
Pholcophora sp.
Pholcophora sp.

Pholcophora sp.

Pholcophora sp.
Pholcophora sp.
Pholcophora sp.

Pholcophora texana
Pholcophora texana
Pholcophora texana
Pholcophora texana

Pholcophora texana
Pholcophora texana
Pholcophora texana
Pholcophora texana
Pholcophora texana

Canada, British Columbia, Oliver, 49.1524, -119.54372
Canada, British Columbia, Osoyoos, 49.0945, -119.5227
Canada, British Columbia, Osoyoos, 49.0757, -119.4901

Canada, British Columbia, Osoyoos, Grasslands Conservation Area,
49.0162,-119.5869
Canada, British Columbia, Osoyoos, Kilpoola Lake, 49.0300, -119.5622

USA, New Mexico, Otero Co., no precise locality, 32.9, -105.9
Canada, British Columbia, Pavilion Lake, 50.7987, -121.6185

Canada, British Columbia, Penticton, Max/Madeleine Lake, 49.5106, -
119.6461
Canada, British Columbia, Revelstoke, Sale Mountain, 51.1663, -118.1329

USA, Utah, Salt Lake Co., Saltair on Great Salt Lake, 40.74, -112.17
Canada, British Columbia, Seton Portage, 50.6502, -122.4199
USA, Washington, Stevens Co., Cedar Lake, N Leadpoint, 48.94, -117.59

Canada, British Columbia, Summerland, Peach Orchard Cemetary,
49.6119, -119.6574
USA, Wyoming, Teton Co., Yellowstone NP, 44.42, -110.59

USA, Utah, Utah Co., Lehi, 40.39, -111.85
Canada, British Columbia, Vaseaux Creek, 49.2681, -119.5154

Canada, British Columbia, Vaseaux Lake, Kennedy Flats, 49.2538, -
119.5221

USA, Nevada, Washoe Co., Little Valley, Whitetail Forest Reserve, 39.24,
-119.88

Canada, British Columbia, Williams Lake, Lynes Creek Road, 52.2932, -
122.1562

USA, California, Mono County, Inyo Nat. Forest, 37.8, -118.38

USA, Montana, Missoula Co., Lolo Forest, 47.0715, -113.3843
Bahamas, Rum Cay, nr. Port Nelson, 23.65, -74.84

Turks and Caicos Islands, West Caicos, 21.67, -72.46

Mexico, Yucatan, Cueva (Actin) Xpukil, 20.55, -89.91
Mexico, Guerrero, Mexcala [=Mezcala], 17.93, -99.6

Puerto Rico, Isla Monito, 18.16, -67.95

Mexico, Puebla, ~35 km SE Tehuacan, W of Calapa bridge, 18.1619, -
97.2647

Mexico, Puebla, ~35 km SE Tehuacan, N of Calapa bridge, 18.1652, -
97.2605

Mexico, Guerrero, ~2 km N Mazatlan, 17.4567, -99.474

Mexico, Guerrero, ~5 km S Papanoa, 17.2711, -101.0328

Mexico, Puebla, ~35 km SE Tehuacan, N of Calapa bridge, 18.1652, -
97.2605
Mexico, Hidalgo, ~2.5 km SW Jacala, 20.9948, -99.2138

Mexico, Hidalgo, Jacala, 2 mi SW, 21.0, -99.2
Mexico, Nuevo Leon, Montemorelos, 25.18, -99.83

Mexico, Nuevo Ledn, Grutas de San Bartolo, 16 km S Santa Catarina, 25.5,
-100.45
Mexico, San Luis Potosi, 2 mi E Santo Domingo, 22.87, -100.25

Mexico, Tamaulipas, Rio Guayalejo, nr. Forldn, 23.21, -98.8
Mexico, Tamaulipas, El Tinieblo, 24.296, -98.452
Mexico, Tamaulipas, San Fernando, 24.85, -98.15
USA, Texas, Hidalgo Co., Edinburg, 26.3, -98.16
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Pholcophora texana
Pinocchio barauna

Tolteca hesperia?
Tolteca hesperia?
Tolteca sp.
Tolteca sp.
Tolteca sp.
Tolteca sp.
Tolteca sp.
Tolteca sp.
Tolteca sp.
Tolteca sp.
Tolteca sp.
Tolteca sp.
Tolteca sp.
Tolteca sp.
Tolteca sp.
Tolteca hesperia
Tolteca hesperia
Tolteca hesperia
Tolteca hesperia
Tolteca hesperia
Tolteca hesperia
Tolteca hesperia
Tolteca hesperia
Tolteca hesperia
Tolteca hesperia
Tolteca jalisco
Tolteca jalisco

USA, Texas, 0.5 mi [Gertsch & Mulaik 1940: 5 mi] E Rio Grande City,
26.36, -98.8

Brazil, Rio Grande do Norte, near Barauna, Caverna Porco do Mato 11, -
5.0467, -37.5398

Mexico, Baja California Sur, Cabo San Lucas, 22.8897, -109.9156

Mexico, Baja California Sur, nr. La Paz, 24.12, -110.3
Mexico, Colima, ~17 km E Manzanillo, 19.0115, -104.1382
Mexico, Colima, Manzanillo, 12 mi E, 19.02, -104.13

Mexico, Colima, Colima, 10 mi S, 19.1, -103.7

Mexico, Colima, ~6 km S Coquimatlan, 19.1521, -103.835
Mexico, Michoacan, ~4 km W Huahua, 18.1972, -103.0449
Mexico, Michoacan, ~20 km W Huahua, 18.2346, -103.202
Mexico, Oaxaca, Tehuantepec, 3 mi W, 16.35, -95.33

Mexico, Oaxaca, Tehuantepec, 8 mi W, 16.3667, -95.3667
Mexico, Oaxaca, ~17 km NW Tehuantepec, 16.3919, -95.3865
Mexico, Oaxaca, Tehuantepec, 12 mi W, 16.4, -95.41

Mexico, Oaxaca, Tequisistlan, 5 mi W, 16.41, -95.69

Mexico, Oaxaca, 2 mi SE Niltepec, 16.55, -94.58

Mexico, Oaxaca, ~3 km N San Pedro Totolapa, 16.6976, -96.318
Mexico, Sinaloa, 3 mi E Esquinapa, 22.83, -105.73

Mexico, Sinaloa, Mazatlan, 35 mi S, 22.869, -106.049
Mexico, Sinaloa, ~3 km S Rosario, 22.9584, -105.849

Mexico, Sinaloa, Mazatlan, 5 mi S, 23.172, -106.34

Mexico, Sinaloa, Villa Union, 6 mi E, 23.2, -106.13

Mexico, Sinaloa, Mazatlan, 20 mi E, 23.27, -106.17

Mexico, Sinaloa, 5 mi E Concordia, 23.32, -105.99

Mexico, Sinaloa, Villa Union, 32 mi E, 23.44, -105.83
Mexico, Sinaloa, Culiacan, 62 mi S, El Esquintal, 24.12, -106.89
Mexico, Sinaloa, Culiacan, 40 mi S, 24.35, -107.09

Mexico, Jalisco, 29 mi N La Quemada, 21.18, -104.085
Mexico, Jalisco, N La Quemada, ‘site 2°, 21.1922, -104.0975
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Table S5. Significant principal components used for environmental niche analyses

Significant principal components (PC) for the environmental layers used to compare the
environmental niche occupied by Nerudia and other Ninetinae taxa. The selected PCs are those
in which the total cumulative percentage of total variation sum at least 95%.

Parameter PC1 PC2 PC3 PC4 PC5 PCé6 PC7 PCS8

Standard deviation 3.155 2017 1362 1218 0946 0935 0.790 0.633
Proportion of variance 47.4% 194% 8.8% 7.1% 43% 42% 3.0% 1.9%
Cumulative proportion 47.4% 66.8% 75.6% 82.7% 86.9% 91.1% 94.1% 96.0%
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Table S6. Eigenvectors of covariance factor of the principal components

Eigenvectors of covariance factor of the principal components (PC) for the environmental layers
used to compare the environmental niche occupied by Nerudia and other Ninetinae taxa. The
selected PCs are those in which the total cumulative percentage of total variation sum at least

95%.Variables are sorted in order of importance for the first principal component.

Variables PCl PC2 PC3 PC4 PC5 PC6 PC7 PC8
Temperature seasonality 0.282 0.045 0.110 -0.292 0.026 0.085 -0.097 0.264
Temperature annual range 0.273 -0.009 0.230 -0.276 0.178 0.108 -0.017 0.070
Mean diurnal range 0.129 -0.193 0.394 -0.087 0.491 0.038 0.234 -0.548
Precipitation of driest month 0.003 0.435 -0.092 -0.252 -0.072 -0.148 0.196 -0.250
Canopy height -0.013 0.186 0.399 0.167 -0.359 0.419 -0.545 -0.385
Precipitation of driest quarter -0.018 0.452 -0.092 -0.226 -0.061 -0.099 0.171 -0.244
Tree density -0.045 0.027 0.491 0.128 -0.446 0.167 0.673 0.215
Precipitation of coldest quarter -0.112 0.348 -0.088 0.075 0.354 0.357 0.159 0.139
Precipitation of warmest quarter -0.140 0.108 0.400 -0.075 -0.115 -0.657 -0.155 0.051
Precipitation seasonality -0.141 -0.319 0.213 0.225 0.217 -0.065 -0.009 0.131
Max. temperature of warmest month ~ -0.213 -0.143 0.109 -0.496 0.057 0.271 0.000 0.019
Annual precipitation -0.219 0.325 0.134 0.019 0.188 -0.027 -0.067 0.052
Mean temperature of wettest quarter  -0.238 -0.185 0.036 -0.278 -0.046 -0.181 -0.021 -0.101
Precipitation of wettest quarter -0.250 0.218 0.201 0.089 0.248 -0.019 -0.115 0.221
Precipitation of wettest month -0.254 0.202 0.190 0.085 0.253 -0.008 -0.114 0.239
Mean temperature of warmest quarter -0.255 -0.137 0.021 -0.405 -0.069 0.120 -0.060 0.092
Isothermality -0.274 -0.052 -0.091 0.291 0.100 -0.034 0.175 -0.345
Mean temperature of driest quarter -0.279 -0.013 -0.115 -0.022 -0.061 0.237 0.032 0.048
Annual mean temperature -0.300 -0.121 -0.024 -0.151 -0.067 0.024 0.000 -0.057
Min. temperature of coldest month -0.307 -0.056 -0.131 -0.004 -0.114 0.035 0.013 -0.046
Mean temperature of coldest quarter  -0.308 -0.097 -0.057 -0.011 -0.050 0.002 0.031 -0.124
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Table S7. Significant principal components and phylogenetic signal

Significant principal components (PC) for the environmental layers used to compute the
phylogenetic signal for the environmental niche of Nerudia and other taxa in the phylogenetic
analyses. The selected PCs are those in which the total cumulative percentage of total variation
sum at least 95%.

Parameter PCl1 PC2 PC3 PC4 PC5 PCo6 PC7
Standard deviation 3.170  1.941 1504 1262 0968 0916 0.791
Proportion of variance 47.8% 17.9% 10.8% 7.6% 4.5% 4.0% 3.0%
Cumulative proportion 47.8% 65.8% 76.6% 84.1% 88.6% 92.6% 95.6%
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Table S8. Eigenvectors and phylogenetic signal

Eigenvectors of covariance factor of the principal components (PC) for the environmental layers
used to compute the phylogenetic signal for the environmental niche of Nerudia and other taxa
in the phylogenetic analyses. The selected PCs are those in which the total cumulative
percentage of total variation sum at least 95%. Variables are sorted in order of importance for
the first principal component.

Variables PC1 PC2 PC3 PC4 PCs5 PC6 PC7

Min. temperature of coldest month 0.292 -0.142 -0.102 0.124 -0.061 0.116 -0.047
Mean temperature of coldest quarter ~ 0.287  -0.176 -0.118 0.040 -0.016 0.130 -0.048

Precipitation of wettest month 0.286 0.045 0.010 -0.170 0.101 -0.323 -0.031
Precipitation of wettest quarter 0.285 0.057 0.029 -0.178 0.114 -0.315 -0.027
Annual precipitation 0.284 0.126 0.112 -0.128 0.130 -0.215 -0.022
Annual mean temperature 0.253  -0.298 0.017 0.046 -0.010 0.117 -0.031
Mean temperature of driest quarter 0.233  -0.123 0.141 0332 -0.323 -0.204 -0.131
Precipitation of warmest quarter 0.212 0.059 0.130 -0420 0.341 0.103 0.147
Isothermality 0.207 0.210 -0.340 0.029 0.069 0.017 -0.073
Precipitation of driest quarter 0.204 0.277 0305 0.061 0.121 0.207 0.078
Precipitation of coldest quarter 0.201  0.145 0.105 0.271 0.104 -0.474 0.304

Mean temperature of wettest quarter ~ 0.177  -0.318 -0.131 -0.180 0.274 0.348 0.051
Mean temperature of warmest quarter 0.176  -0.393 0.201  0.079 -0.011 0.062 0.006

Precipitation of driest month 0.170  0.281 0.341 0.090 0.112 0.284 0.070
Max. temperature of warmest month ~ 0.132  -0.400 0.299 0.052 -0.006 0.002 -0.011
Tree density 0.118 0.055 0.023 -0.350 -0.627 0.123  0.648
Canopy height 0.103  0.100 0.192 -0.460 -0.399 -0.051 -0.625
Precipitation seasonality -0.043  -0.336 -0.323 -0.252 0.049 -0.356 0.148
Temperature seasonality -0.223  -0.177 0.395 0.023 0.015 -0.123 0.085
Temperature annual range -0.237 -0.157 0362 -0.104 0.067 -0.135 0.046
Mean diurnal range -0.243  -0.049 0.117 -0.284 0.240 -0.049 0.003
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Table S9. Phylogenetic signal

Phylogenetic signal (Pagel’s A) analyses using the main principal components detailed in Tables
S6-7.

Principal components  Fitted A A logl A p-value

PC1 0.95 -102.83 0.000
PC2 0.97 -83.22  0.000
PC3 0.88 -76.19  0.000
PC4 0.91 -72.00  0.000
PC5 0.28 -65.87 0.592
PCo6 0.94 -57.16  0.000
PC7 0.67 -54.78  0.120
PC8 0.85 -47.18 0.013
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This paper is an integrative multidisciplinary study of two genera of ninetine pholcids,
Pholcophora and Tolteca, and includes the description of seven new species, scanning
electron microscopy of microstructures, molecular phylogeny of analysed genera, and
first cytogenetic data of 7olteca. Male karyotype of two analysed Tolteca species, T.
hesperia and T. oaxaca sp. were formed by very low number of biarmed chromosomes
(13-15) including the X1 X>Y sex chromosome system. The number of chromosome pairs
in Tolteca is one of the lowest found in araneomorph spiders with monocentric
chromosomes. Karyotype contained three NOR-bearing chromosome pairs and probably
a sex chromosome-linked NOR. Number of NOR-bearing chromosome pairs was close

to their ancestral number in ninetine pholcids.

My contribution: Evaluation of chromosome slides, detection of NORs by FISH.
Analysis and interpretation of the results. Involved into preparation of manuscript,

preparation of tables and figures. Revision of the manuscript.
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Abstract. The North American-Caribbean genera Pholcophora Banks, 1896 and Tolteca Huber, 2000 are
representatives of Ninetinae, a group of small, cryptic, and thus poorly known pholcid spiders. We present
the first comprehensive revisions of the two genera, including extensive SEM data and descriptions of
seven new species from Mexico (Pholcophora mazatlan Huber sp. nov., P. papanoa Huber sp. nov., P.
tehuacan Huber sp. nov., Tolteca huahua Huber sp. nov., T. manzanillo Huber sp. nov., T. oaxaca Huber
sp. nov., and T. sinnombre Huber sp. nov.). We add new COI1 sequences of nine species to previously
published molecular data and use these for a preliminary analysis of relationships. We recover a North
American-Caribbean clade including ‘true’ (mainland) Pholcophora, Tolteca (Mexico), and a Caribbean
clade consisting of the genus Papiamenta Huber, 2000 (Curagao) and Caribbean ‘Pholcophora’. First
karyotype data for Tolteca (2n = 13, X1X2Y and 15, X X2Y, respectively) reveal a strong reduction of the
number of chromosome pairs within the North American-Caribbean clade, and considerable karyotype
differentiation among congeners. This agrees with considerable CO1 divergence among species of Tolteca
but contrasts with very inconspicuous morphological divergence. Environmental niche analyses show that
the widespread P. americana Banks, 1896 (western USA, SW Canada) occupies a very different niche than
its Mexican congeners and other close relatives. Caribbean
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taxa also have a low niche overlap with ‘true’ Pholcophora and Tolteca, supporting the idea that
Caribbean ‘Pholcophora’ are taxonomically misplaced.

Keywords. Ninetinae, Mexico, barcodes, karyotype, environmental niche.
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Introduction

Pholcid spiders are commonly known as daddy-long-leg spiders, and in fact the large majority of
known species are characterized by long and thin legs, reminding of harvestmen, or daddy-long-legs.
However, just like harvestmen, Pholcidae C.L. Koch, 1850 includes some short-legged species as
well. When Eugéne Simon, the founder of modern spider systematics, discovered the first such species
in Yemen, he created a separate subfamily for it, the “Ninetidinae” (now Ninetinae) (Simon 1890,
1893). Since then, a few further species have been described, mainly from the New World (Mello-
Leitdao 1944; Brignoli 1981; Gertsch 1982; Huber 2000; Huber & Carvalho 2019; Huber & Villarreal
2020), but with currently ~50 nominal species, the subfamily continues to be the smallest in terms of
species numbers among the five pholcid subfamilies. In part, this is certainly due to their small size
and cryptic lifestyle. With body lengths of ~I mm, many species are among the smallest known
Pholcidae (Huber & Eberle 2021), and most species live hidden under rocks and stones. Other aspects
that probably contribute to our poor knowledge of the subfamily are the geographic restriction of most
species to arid (and thus relatively poorly sampled) regions (Huber & Brescovit 2003; Huber &
Carvalho 2019); their phylogenetically conserved environmental niche; and the apparent ability of
representatives of certain genera to avoid pitfall traps (Huber e al. 2023).

In the New World, almost any tiny pholcid was originally assigned to Pholcophora Banks, 1896, a
genus created for a species of Ninetinae from the western USA (Banks 1896). The majority of species
originally described in Pholcophora have since been moved to other genera, partly to newly
established genera of Ninetinae (Galapa Huber, 2000; Tolteca Huber, 2000; Papiamenta Huber, 2000;
Guaranita Huber, 2000), partly to other subfamilies (Anopsicus Chamberlin & Ivie, 1938:
Modisiminae Simon, 1893; Chisosa Huber, 2000: Arteminae Simon, 1893) (Gertsch 1982; Huber
2000; Huber et al. 2018). As a result, Pholcophora ended up including only three Dominican amber
fossil species and five extant species, restricted geographically to North America and the Caribbean.
The genus exemplifies well our poor general knowledge of Ninetinae: of the eight nominal species,
five have been known from only a single specimen each. The situation is similar with the only other
North American genus of Ninetinae: 7olteca Huber, 2000. This genus was created for two species
originally described in Pholcophora; one of them has been known from a single specimen only.

Our knowledge about the phylogenetic relationships among these North American pholcids has also
been rudimentary. The most comprehensive phylogeny of Pholcidae (Eberle et al. 2018) recognized a
“North and Central American and Caribbean™ clade of Ninetinae, but the species sample was small
(four species, of which two could not confidently be assigned to a genus) and lacked the genus
Tolteca. A recent comparative study of pholcid sperm ultrastructure (Dederichs et al. 2022) found that
Pholcophora and Tolteca share cleistospermia while all other studied Ninetinae have synspermia;
since synspermia are thought to be plesiomorphic for Pholcidae, this was a first indication that
Pholcophora and Tolteca might be closely related.

The purpose of this study is a comprehensive revision of North American Ninetinae (Pholcophora and
Tolteca). We provide taxonomic descriptions of several new species and redescriptions of most
previously described species, including numerous new records and first extensive SEM data for both
genera as a basis for future cladistic analyses of morphological data; we provide first molecular data
and first karyotype data for the genus Tolteca; and we provide an analysis of niche overlap and of
altitudinal ranges in North American ninetines.

Material and methods

Material examined

This study is based on the examination of ~400 adult specimens deposited in the following collections:
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AMNH = American Museum of Natural History, New York, USA

LATLAX = Laboratory of Arachnology, Institute of Biology, UNAM-Tlaxcala, Mexico
USNM = National Museum of Natural History, Washington D.C., USA

ZFMK = Zoologisches Forschungsmuseum Alexander Koenig, Bonn, Germany

Further material deposited in the AMNH was examined by the first author in 1999 but not re-
examined for the present study.

Taxonomy and morphology

Taxonomic descriptions follow the style of recent publications on Pholcidae (e.g., Huber ef al. 2023; based
on Huber 2000). Measurements were done on a dissecting microscope with an ocular grid and are in mm
unless otherwise noted; eye measurements are + 5 pm. Photos were made with a Nikon Coolpix 995 digital
camera (2048 x 1536 pixels) mounted on a Nikon SMZ I8 stereo microscope or a Leitz Dialux 20
compound microscope. CombineZP (https://combinezp.software.informer.com/) was used for stacking
photos. Drawings are partly based on photos that were traced on a light table and later improved under a
dissecting microscope, or they were directly drawn with a Leitz Dialux 20 compound microscope using a
drawing tube. Cleared epigyna were stained with chlorazol black. The number of decimals in coordinates
gives a rough indication about the accuracy of the locality data: four decimals means that the collecting site
is within about 10 m of the indicated spot; three decimals: within ~100 m; two decimals: within ~1 km; one
decimal: within ~10 km. Distribution maps were generated with ArcMap ver. 10.0. For SEM photos,
specimens were dried in hexamethyldisilazane (HMDS) (Brown 1993), and photographed with a Zeiss
Sigma 300 VP scanning electron microscope. SEM data are presented within the descriptions but are
usually not based on the specific specimen described.

Abbreviations used in figures only are explained in the figure legends. Abbreviations used in the text:

ALE = anterior lateral eye(s)

ALS = anterior lateral spinneret(s)
AME = anterior median eye(s)

asl. = above sea level

L/d = length/diameter

PME = posterior median eye(s)
PMS = posterior median spinneret(s)

Molecular data and analyses

Taxon sampling
Three Arteminae outgroup taxa, two specimens of Pholcophora americana Banks, 1896, and seven
further species of Ninetinae were taken from Eberle et al. (2018). To this, we added three further
specimens of P. americana, four other species of Pholcophora, five species of Tolteca, and a second
specimen of Papiamenta levii Huber, 2000. Table 1 lists the newly sequenced specimens. For details
on previously sequenced specimens, see Eberle e al. (2018).

Gene sampling
For the taxa taken from Eberle ef al. (2018) we used all available sequences (CO1 barcode, 128, 168,
188, 288, and H3). The CO1 barcode of one specimen of Papiamenta levii was combined with “S011
Papiamenta MRAC639 MRAC640” from Eberle ef al. (2018), since they actually came from the same
specimen. For all newly added taxa, we sequenced the COI barcode only. In total, there were 69
sequences and 27 specimens.
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Table 1. Geographic origins of newly sequenced specimens, sorted by code.

Code  Genus Species Vial Country  Admin. Locality Lat. Long. co1

NO51  Pholcophora  americana G090 USA Idaho Custer Co., Salmon-Challis Nat. Forest 442775 -1144078 ON970474
NO52  Pholcophora  americana G091 USA Oregon Josephine Co., Siskiyou Nat. Forest 423370 -123.6095 ON970475
NO57  Pholcophora mazatlan Mex209 Mexico Guerrera ~2 km N of Mazatlkin 17.4567 -99.4740 ON9T0476
NO059  Tolteca huahua Mex229 Mexico Michoacan ~ ~4 km W of Huahua 18.1972  -103.0449 ON970481
NO61  Tolreca manzanillo Mex232 Mexico Colima ~17 km E of Manzanillo 19.0115  -104.1382 ON970482
NO63  Tolteca Jalisco Mex241 Mexico Jalisco N of La Quemada, site 2 21.1922  -104.0975 ON970483
NO64  Tolteca hesperia Mex233 Mexico Sinaloa ~3 km S of Rosario 229584  -105.8490 ON970484
NO65  Pholcophora  texana Mex341 Mexico Hidalgo ~2.5 km SW of Jacala 20.9948  -99.2138 ON970477
NO066  Pholcophora  tehnacan Mex353 Mexico Pucbla SE of Tehuacan, N of Calapa bridge 18.1652  -97.2605 ON970478
NO67  Pholcophora  Mex354 Mex354 Mexico Pucbla SE of Tehuacan, N of Calapa bridge 18.1652  -97.2605 ON970479
NO68  Tolteca oaxaca Mex362 Mexico Oaxaca ~3 km N of San Pedro Totolapa 16.6976  -96.3180 ON970485
NO069  Tolteca oaxacad Mex368 Mexico Oaxaca ~17 km NW of Tehuantepec 163919 -95.3865 ON970486
NO70  Papiamenta levii MRAC639  Curagao near San Juan, Manzalina beach 12.2450 -69.1050 ON970473
NO71  Papiamenta levii MRACG640  Curagao near San Juan, Manzalina beach 12.2450  -69.1050 ON9T0487
NO85  Pholcophora  americana  USA16 USA Colorado Lookout Mountain near Golden 397300 -105.2400 ON970480
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DNA extraction, amplification and sequencing

One to four legs of specimens stored in non-denatured pure ethanol (~99%) at —20°C were used for
DNA extraction. Extracted genomic DNA is deposited at and available from the LIB Biobank,
Museum Koenig, Bonn. DNA was extracted using the HotSHOT method (Truett et al. 2000). CO1
primers used were LCO1490-1J and HCO2198-1J (Astrin et al. 2016; primer versions JJ2 served as
backup), but with a different tag sequence (from Srivathsan et al. 2021) of 13 bp length at the 5’-ends
of forward and reverse primers, respectively. The 20 pl reaction volume consisted of 5 pl H20, 1 pl
DNA template, 2 pl Q-Solution, 10 pl Qiagen Multiplex-Mix, 1 pl forward primer, and 1 pl reverse
primer. The PCR procedure was: (1) 95°C for 15 minutes; (2) denaturation at 94°C for 35 seconds; (3)
annealing at 55°C (or 40°C) for 90 seconds; (4) elongation at 72°C for 90 seconds; (5) final elongation
at 72°C for 10 minutes, followed by cooling at 10°C. Steps 2—4 were repeated for 15 cycles (or 25
cycles). The PCR products were then pooled and sequenced with the Oxford Nanopore Technologies
(ONT) GridON platform.

DNA sequence alignment and editing
The newly sequenced CO1 barcodes were then assembled using the ONTbarcoder (Srivathsan ef al.
2021) pipeline. Taxonomic assignments of the assembled sequences were checked by: (1) blasting
assembled sequences against a local NT database; (2) the identification engine of the Barcode of Life
Data System (BOLD) (http://www.boldsystems.org/index.php) (Ratnasingham & Hebert 2007; Yang
et al. 2020).

Multiple sequence alignment (MSA)

For the protein-coding genes CO1 and H3, DNA sequences were translated into protein sequences using
BioPython (ver. 1.78) (Cock et al. 2009) with invertebrate mitochondrial genetic code and standard genetic
code, respectively. Next, protein-MSAs were constructed using the mafft-linsi algorithm of MAFFT (ver.
7.487) (Katoh & Standley 2013), which then assisted the construction of nucleotide level MSAs with
pal2nal.pl (Suyama et al. 2006). This helps avoid the introduction of biologically meaningless frameshifts
to the alignments (Suyama er al. 2006). The alignments of rRNA genes (128, 168, 18S, and 28S) were
constructed based on secondary structure information using the mafft-xinsi algorithm in MAFFT (ver.
7.487) (Katoh & Standley 2013) and MXSCARNA (Tabei et al. 2008). Poorly aligned regions in the MSAs
were then trimmed with Gblocks (ver. 0.91b) (Talavera & Castresana 2007) (-b5 = h), TrimAl (ver.
1.4.rev15) (Capella-Gutiérrez et al. 2009) (-automated 1) and ClipKIT (ver. 1.1.3) (Steenwyk et al. 2020),
respectively. In the ClipKIT program, we used different trimming strategies (-modes gappy, kpi, kpic, kpic-
gappy, kpic-smart-gap, kpi-gappy, kpi-smart-gap, smart-gap).

Phylogenetic inference

Maximum-likelihood trees were constructed based on concatenated alignments using 1Q-TREE (ver.
2.1.3) (Minh et al. 2020). We did both an unpartitioned analysis (i.e., the whole concatenated MSA
shares one evolutionary model) and a partitioned (by locus) analysis on each concatenated MSA. To
overcome local optima during heuristics, we performed 10 independent 1Q-TREE runs (-runs 10),
with a smaller perturbation strength (-pers 0.2) and larger number of stop iterations (-nstop 500).
Branch supports were evaluated with 2000 ultrafast bootstrap (UFBoot) (Minh et al. 2013) with the
risk of potential model violations considered (-B 2000 -bnni). SH-aLRT branch test (Guindon er al.
2010) was performed using 2000 bootstrap replicates (-alrt 2000). Best-fitting substitution models
were automatically determined by the ModelFinder algorithm (Kalyaanamoorthy et al. 2017) in 1Q-
TREE. Tree visualizations were finished with iTOL (Letunic & Bork 2021).

Preparation of chromosome slides and their evaluation

Three adult males of Tolteca hesperia (Gertsch, 1982) from Rosario (Mexico, Sinaloa), three adult
males of 7" eaxaca Huber sp. nov. from San Pedro Totolapa (Mexico, Oaxaca), and two adult males
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of 7. oaxaca from Tehuantepec (Mexico, Oaxaca) were used for the preparation of chromosomes (see
Material examined sections of the respective species for detailed collection data). Voucher specimens
are deposited at the Zoological Research Museum Alexander Koenig (Bonn, Germany). Chromosome
preparations were obtained from testes. These organs contained meiotic cells except for a few mitotic
cells and premeiotic interphases in 7. oaxaca sp. nov.

Chromosome slides were produced by the spreading technique described in Avila Herrera et al. (2021).
Slides were analysed with an Olympus BX 50 microscope equipped with a DP 71 CCD camera. Several
metaphases TI were used to determine the relative chromosome length (RCL) and chromosome
morphology. In T. hesperia, plates containing both sister metaphases II were available for evaluation. In 7.
oaxaca sp. nov., only single metaphase II cells were found. Relative chromosome length was estimated as
the percentage of the total chromosome length (TCL) of the haploid set. This set also included the sex
chromosomes Xj, X2, and Y. Chromosome morphology was based on the position of the centromere
(Levan et al. 1964), which was calculated as the ratio of the longer and shorter chromosome arms.

Following the analysis with a light microscope, and after the removal of immersion oil and Giemsa stain,
preparations were used for the detection of nucleolus organizer regions (NORs) with a biotin labelled 188
rDNA probe from the haplogyne spider Dysdera erythrina (Walckenaer, 1802) using fluorescence in situ
hybridization (FISH). The technique used is described in detail in Forman et al. (2013); the probe is
specified in Avila Herrera ef al. (2021). The probe was detected by streptavidin-Cy3, with amplification of
the signal (biotinylated antistreptavidin, streptavidin-Cy3). Chromosomes were counterstained by DAPIL.
Selected chromosome plates were photographed with an Olympus IX81 microscope equipped with an
ORCA-AG CCD camera (Hamamatsu). Images were pseudocoloured (red for Cy3, blue for DAPI) and
superimposed with Cell"R software (Olympus Soft Imaging Solutions).

Environmental niche similarity and equivalency

The results of the phylogenetic analyses allowed the proposition of biogeographic hypotheses
concerning the environmental niches occupied by representatives of the North American-Caribbean
clade. We aimed to describe and compare the environmental niches occupied by six different clades or
groups of species: (1) Pholcophora americana only; (2) Caribbean clade (i.e., Papiamenta and
Caribbean species of ‘Pholcophora’); (3) Mexican Pholcophora (includes species known mainly from
Mexico, with one species ranging into southern Texas); (4) Non-Caribbean (‘true’) Pholcophora (i.e.,
groups 1 + 3); (5) Papiamenta; and (6) Tolteca. The analyses were based on the null expectation of a
high similarity and equivalency among them, corroborating the niche conservatism previously shown
for Ninetinae in general (Huber et al. 2023). We performed tests for niche overlap (Schoener’s overlap
‘D’ metric; Schoener 1970), similarity, and equivalency (both described in detail in Warren ef al.
2008) by making pairwise comparisons among the groups. These analyses were implemented using
functions available in the R package ‘ecospat’ (Di Cola et al. 2017). The analyses did not consider
using Caribbean ‘Pholcophora’ as an independent group, as the used functions require a minimum of
five sites where the taxa occur (only four are known in this group). Three pairwise comparisons
(Caribbean clade vs Papiamenta; non-Caribbean Pholcophora vs Mexican Pholcophora; non-
Caribbean Pholcophora vs P. americana) include several duplicate occurrences (i.e., same occurrence
used in both compared groups). In these comparisons, a high niche overlap is expected, and, if
observed, potentially artificial. However, the use of pairwise comparisons seems to be the only way to
allow the assessment of niche variation within the Caribbean (owing to the low number of occurrences
in this region) and between the Caribbean taxa and other compared groups.

To run these analyses, we defined a background area as a 500 km radius buffer around the sampling
points of each of the six analysed groups. This buffer is subjective, but compared to other studies, it
seems neither too conservative (cf. 800 km in Cuervo et al. 2021) nor exaggerated (cf. 33 km in
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Herrando-Moraira et al. 2019; 111 km in Silva ef al. 2016). The buffer was filled by a 0.5 side-by-side
degree hexagon grid, and further clipped to country borders. At each hexagon, up to ten random points
were created, with a distance of at least 1 km from each other. This procedure aimed to provide a more
homogeneous distribution of random points through the area to estimate the available environmental
niche for each group of taxa. For each of these points, we extracted the values for 21 predictive
variables, including the 19 climatic layers of the WorldClim 2 database (Fick & Hijmans 2017), the
mean tree density (Crowther ef al. 2015) and the mean canopy height (Simard ef al. 2011), the latter
two ata 1 km: scale.

The 21 predictive variables were used in a principal component analysis calibrated on the entire
environmental space of the study area, including species occurrences. This analysis, the so-called
PCA-env (as described by Broennimann ef al. 2012), was carried out to provide a kernel density of the
environmental niche occupied by each taxon, based on their sites of occurrences. Then, the niche
overlap, equivalency, and similarity tests were performed, each with 100 replicates. The D metric for
niche overlap ranges from 0 (no overlap) to | (complete overlap) (Broennimann et al. 2012).
Equivalency and similarity analyses compare the observed environmental niche overlap against null
models simulated by randomly reallocating the occurrence records between distribution ranges (for the
equivalency tests); or by randomly shifting the niches within the available conditions of the study area
(for the similarity tests) (Broennimann ef al. 2012; Di Cola ef al. 2017; Hazzi & Hormiga 2021). As
we aimed to test for niche conservatism between sister taxa, the parameter ‘overlap.alternative” was
set to ‘higher’ (i.e., the niche overlap is more equivalent/similar than random), and ‘rand.type’ was set
to ‘17 (i.e., there is no assumption about a reference niche, and the niches of both groups can be
simultaneously shifted), following recommendations from Di Cola ef al. (2017).

Building on the results of the previous analyses, we further explored the microhabitat occupied by each
taxon by comparing the altitudes of the records of P. americana, Mexican Pholcophora, Tolteca, and the
Caribbean clade. The altitude was not used as a predictor in the previous approaches as it would result in a
tautological variable, owing to its direct effect on temperature and precipitation (see Hof et al. 2012),
detailed in the climatic variables taken from WorldClim. To compare the altitude occupied by each taxon,
we performed a generalized linear model with quasi-poisson distribution of errors, using base R functions,
This analysis was preferred over a poisson distribution owing to overdispersion issues, checked using the
function ‘rdiagnostic’ from the R package ‘RT4Bio’ (Reis et al. 2015). Post hoc contrast analyses (see
Crawley 2012) were performed using the ‘coms’ function from the R package ‘RT4Bio’ (Reis et al. 2015).
The elevation data was taken from the WorldClim 2 database (Fick & Hijmans 2017) and the values were
extracted using the R package ‘raster” (Hijmans 2022).

Results

Molecular data

All unpartitioned analyses using the ClipKIT trimming strategies consistently recovered a clade consisting
of “true’ (North American) Pholcophora, Tolteca, two undescribed Caribbean species tentatively assigned
to Pholcophora, and the Caribbean (Curagao) genus Papiamenta (Fig. 1; Supp. file 1: Fig. §76). The
support for this clade varied widely (SH-aLRT supports: 25-90). Since this clade is also strongly supported
by preliminary analyses of UCE data (G. Meng, L. Podsiadlowski, B.A. Huber, unpubl. data), we chose a
ClipKIT tree for Figure 1 and did not further consider the TrimAl and Gblocks trees (in which this clade
was not recovered). For the same reason we also rejected the trees resulting from partitioned analyses: in
all of them (except when using untrimmed sequences), this North American-Caribbean clade was not
recovered. In addition, unpartitioned analyses recovered the same interspecific relationships within Tolteca
as the analysis of UCE data (see below) while the partitioned analysis did not. A summary tree showing
these alternative topologies is shown in Supporting Information (Supp. file 1: Fig. S77).
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Fig. 1. Relationships of Pholcophora Banks, 1896 and Tolteca Huber, 2000 derived from analysis of
molecular data using 1Q-Tree and the ClipKIT gappy trimming strategy. Newly generated CO1 sequences
(codes starting with N) were combined with data from Eberle e al. (2018) (all other codes). Numbers on
the branches are SH-aLRT supports (%). The tree shows only the ingroups and the Ninetinae outgroups.
Clade colours are as in Figs 2 and 35. For the complete tree, and for clade support using different alignment
strategies, see Supp. file 1: Fig. $76. Photos on the right from top to bottom: Tolteca manzanillo Huber sp.
nov.; Papiamenta savonet Huber, 2000; Pholcophora papanoa Huber sp. nov.

Within this North American-Caribbean clade, there was consistently reasonable to high support for
Tolteca (unpartitioned analysis: 84-90; partitioned analysis: 78-81), for ‘true’ Pholcophora
(unpartitioned analysis: 91-95; partitioned analysis: 76-81), and for a Caribbean clade consisting of
Papiamenta and Caribbean ‘Pholcophora’ (unpartitioned analysis: 97-98; partitioned analysis: 90—
92). All analyses recovered a sister group relationship between ‘true’ Pholcophora and the Caribbean
clade, but partly with low support (unpartitioned analysis: 27-80; partitioned analysis: 86-90). For
further details, see Relationships sections in the genus descriptions below.

Taxonomy

Class Arachnida Cuvier, 1812
Order Araneae Clerck, 1757
Family Pholcidae C.L. Koch, 1850
Subfamily Ninetinae Simon, 1890

Genus Phelcophora Banks, 1896
Pholcophora Banks, 1896: 57. Type species: P. americana Banks, 1896.
Pholcophora — Gertsch 1971: 76; 1977: 112; 1982: 96. — Huber 2000: 113.

Diagnosis

Easily distinguished from only other North American Ninetinae genus Tolfeca by strong male cheliceral
apophyses originating proximally (Figs 5A-B. 10A-B; in Tolteca small and originating distally); also by
presence of stridulatory ridges on male chelicerae; most species (except P. tehuacan Huber sp. nov.) also
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by larger size (body length ~1.7-3.1; in Tolteca ~1.1-1.4) and longer legs (tibia 1> 1.0, in Tolteca
<0.7); from most species of Tolteca also by absence of knob-shaped structure between epigynum and
pedicel (also absent in Tolteca sinnombre Huber sp. nov.). From other geographically close genera
(Papiamenta, Galapa) also by simple rod-shaped procursus (Figs 5C-E, 10C-E; much shorter in
Papiamenta; with dorsal process in Galapa); by presence of humps on male sternum (absent in
Papiamenta); and by unmodified male cheliceral fangs (with processes in Galapa).

Description

Male
Measurements . Total body length 1.2-3.1, carapace width 0.55-1.40. Legs relatively short, tibia 1: 0.65—
1.85, i.e., 1.2-2.0 x carapace width; tibia 1 L/d 8-16; tibia 2 much shorter than tibia 4 (tibia 2 / tibia 4:
0.75-0.85).

Colour. Live specimens (Fig. 3) ochre to brown, prosoma sometimes reddish (which is lost in ethanol);
carapace monochromous, sometimes with indistinct darker median Y-mark; abdomen colour slightly
variable, usually monochromous, sometimes with indistinct dorsal marks (bluish in ethanol); legs
without dark or light bands, femora sometimes distally darkened.

Bedy. Ocular area barely raised (cf. Fig. 8A), eight eyes, AME relatively large, diameter 20-60 pm,
45-75% of PME diameter; carapace with low and indistinct thoracic groove (cf. Figs 8A, 13A).
Clypeus unmodified but sometimes slightly more protruding than in female. Sternum wider than long,
with pair of distinct anterior processes near leg coxae 1. Abdomen globular; gonopore with four
epiandrous spigots arranged in two pairs (Fig. 29C; examined: P. americana Banks, 1896; P. tehuacan
sp. nov.); ALS with seven spigots each (cf. Figs 8C, 29G): one strongly widened spigot, one long
pointed spigot, and five cylindrical spigots (one of which is unusually large); PMS with two short,
pointed spigots; PLS without spigots.

Chelicerse . With one pair of large frontal apophyses (Figs 5A—B, 10A-B); with stridulatory files (Fig.
29A), distances between ridges ~2.0-3.8 um, distances proximally often smaller than distally.

Paips. Coxa unmodified; trochanter barely modified (with indistinct or without ventral projection);
femur proximally with retrolateral-ventral process and prolateral stridulatory pick (modified hair),
distally widened but simple, slightly curved towards dorsal, in P. fexana Gertsch, 1935 with
distinctive brush of feathered hairs ventrally (Fig. 19A, C); femur-patella joints slightly shifted toward
prolateral side; tibia globular, with two trichobothria; tibia-tarsus joints not shifted to one side; palpal
tarsal organ raised, capsulate with small opening (Fig. 29E; diameter of opening ~1.5 pm — measured
in P. tehuacan sp. nov. only); procursus simple and straight, without dorsal flap, not strongly
elongated, often with semi-transparent distal element; genital bulb distally cone-shaped, with species-
specific sclerotized and membranous elements.

Legs. Without spines and curved hairs; in some species with very short vertical hairs in higher than
usual density on tibiae (only anterior tibiae or all tibiae) (length of hairs ~30 um). Trichobothria in
usual arrangement: three on each tibia (except tibia 1: prolateral trichobothrium absent), one on each
metatarsus; slightly feathered (Figs 18F, 24E); length of dorsal trichobothrium on tibia 1: ~90 pum;
retrolateral trichobothrium of tibia 1 in very distal position (at 50-65% of tibia length). Tarsus 1 with
5-8 pseudosegments, sometimes only distally fairly distinct; tarsus 4 distally with one comb-hair on
prolateral side (cf. Figs 13H, 24H); leg tarsal organs very small, capsulate with small opening (cf. Fig.
8F—H; diameter of opening ~1.3—1.8 um); three claws (cf. Figs 13G, 24G, 29H).
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Female

In general (size, colour) similar to male but sternum without pair of anterior humps, leg tibia 1 with usual
low number of short vertical hairs, and chelicerae without stridulatory ridges; legs either slightly shorter
than in males or of same length (only P. americana with reasonable sample size: male/female tibia 1
length: 1.12). Spinnerets, comb-hairs, and leg tarsal organs as in male; palpal tarsal organ slightly less
strongly raised (Figs 18E, 23H). Epigynum main (anterior) plate large, rectangular to oval, sometimes
posteriorly excavated, weakly protruding in lateral view; posterior plate also large, short but wide, median
part sometimes separated from lateral parts by whitish band. Without knob-shaped structure between
epigynum and pedicel. Internal genitalia variable: either without sacs (Fig. 33A—H; P. americana Banks,
1896; P. mazatlan Huber sp. nov.; P. papanoa Huber sp. nov.; P. “Mex354") or with pair of distinct
membranous sacs (Fig. 331-L; P. texana Gertsch, 1935; P. tehuacan sp. nov.); in Caribbean ‘Pholcophora’
with single median tube-like sac (Fig. 33M-N; P. bahama Gertsch, 1982; P. “Car544”; P. “Cul2-325");
with pair of distinct transversal sclerites; apparently without pore plates (possibly with very indistinct pair
of pore plates near median line, indicated in Fig. 33E-F, J-L).

Relationships

In the molecular analysis of Eberle et al. (2018), the type species Pholcophora americana was part of
a North American-Caribbean clade of Ninetinae, together with “Pholcophora? Car544”, an
unidentified Cuban species (“Gen. Cul2-325"; treated below as “Pholcophora? Cul2-325"), and the
genus Papiamenta. The genus Tolteca was not included.

Our new molecular analyses mostly support this North American-Caribbean clade (Fig. 1; see also
general results of molecular analyses above), and they also support the idea that Caribbean
‘Pholcophora’ are not true Pholcophora but more closely related with the Caribbean genus
Papiamenta. Our analyses suggest a sister group relationship between true Pholeophora and the
Caribbean clade (Papiamenta + Caribbean *Pholcophora’). By contrast, preliminary analyses of UCE
data (G. Meng, L. Podsiadlowski, B.A. Huber, unpubl. data) suggest a sister-group relationship
between true Pholcophora and Tolteca. Since we consider these UCE results more reliable, we will
not further discuss relationships here, except for two species not yet included in any molecular dataset:
Pholcophora maria Gertsch, 1977 from Yucatan, and Pholcophora bahama Gertsch, 1982 from the
Bahamas. Judging from the female internal genitalia (compare Huber 2000: fig. 1357 with Fig. 28B),
we hypothesize that Pholcophora maria is closely related with the newly described P. tehuacan sp.
nov. It is thus probably a true Pholcophora. Pholcophora bahama resembles “Pholcophora? Car544”
in having a median tube-like sac in the female internal genitalia (compare Huber 2000: fig. 1356 with
Fig. 31G). It is thus probably not a true Pholcophora but part of the Caribbean clade.

Distribution

The genus appears limited to North America (Fig. 2); Caribbean species (including Dominican amber
fossils) currently placed in Pholcophora are probably misplaced (see Relationships above). Of the
seven North American named species, six are largely or entirely restricted to Mexico.

Natural history

Gertsch (1982) briefly characterized Phelcophora spiders as living “reclusive lives under ground objects,
in leaf and plant detritus, and in soil openings and caves”, and mentioned that they “spin web tangles in
dark spaces and remain there in close contact with such webs as permanent residents, often in informal
colonies”, Our newly collected species and specimens fit this description. Most were collected by turning
rocks or sifting litter in shady spots of low and dry forests (Fig. 34). They usually shared the microhabitat
with one or more other pholcids. In only one case we found two species of Pholcophora at a single locality;
we never found Pholecophora to share a locality with Tolteca. Females carried their
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flattened egg-sacs slightly under the prosoma (Fig. 3); eggs sacs contained ~6-30 eggs, each with a
diameter of ~0.40-0.60 mm (Huber & Eberle 2021). Some females had a genital plug (cf. Fig. 16C).

Composition

The genus now includes 11 nominal species. Of these, seven occur in North America and are here
considered to represent ‘true’ Pholcophora: Pholcophora americana Banks, 1896; P. maria Gertsch,
1977; P. mazatlan sp. nov.; P. mexcala Gertsch, 1982; P. papanoa sp. nov.; P. tehuacan sp. nov.; P.
texana Gertsch, 1935. The Caribbean P. bahama Gertsch, 1982 is here considered to be misplaced
(see Relationships above). All extant species are treated below except P. bahama and P. mexcala for
which we have no new data [in 2019 we searched at four localities close to Mezcala (= “Mexcala”) but
could not find P. mexcala).

papanoa—
mexcala

mazatlan tehuacan
Mex354

1000 km

Fig. 2. Known distributions of ‘true’ Pholcophora Banks, 1896 (orange marks) and of presumably
misplaced Caribbean ‘Pholcophora’ and of Papiamenta Huber, 2000 (red marks). Dominican amber
species currently placed in Pholcophora are represented by an “F” in a pink square. Our molecular
data suggest that Caribbean ‘Pholcophora’ are more closely related with the genus Papiamenta than
with true Pholcophora. Barcoded specimens of Pholcophora americana Banks, 1896 are marked with

[T

an “x” and accompanied by the vial code (see Table | for details).
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Three nominal species are only known from amber fossils originating from Hispaniola (Wunderlich 1988):
P. brevipes Wunderlich, 1988; P. gracilis Wunderlich, 1988; and P. longicornis Wunderlich, 1988. We did
not re-examine the amber specimens but judging from their geographic origin we speculate that the three
species are part of the clade including Caribbean ‘Pholcophora’ and Papiamenta. However, the three
amber species fit the diagnosis above with respect to the strong male cheliceral apophyses originating
proximally and the simple rod-shaped procursus. They are unusually small (but in this respect similar to the
exceptionally small extant P. tehuacan sp. nov. and P. maria), and the original

Fig. 3. Pholcophora Banks, 1896, live specimens. A. P. americana Banks, 1896, male from USA,
Colorado, near Golden. B-E. P. mazatlan Huber sp. nov., males and females with egg-sacs from
Mexico, Guerrero, N of Mazatlan. F-G. P. papanoa Huber sp. nov., male and female from Mexico,
Guerrero, S of Papanoa. H-1. P. fexana Gertsch, 1935, male and female with egg-sac from Mexico,
Hidalgo, SW of Jacala. J-K. P. tehuacan Huber sp. nov., male and female with egg-sac from Mexico,
Puebla, SE of Tehuacan. L. P. “Mex354”, female with egg-sac from Mexico, Puebla, SE of Tehuacan.
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descriptions remain silent about male cheliceral stridulation and male sternal humps. The females of
the three fossil species remain unknown.

Pholcophora americana Banks, 1896
Figs 3A,4-8,33A-B

Remark
For synonymy, type material, and redescription, see Huber (2000).

Diagnosis

Easily distinguished geographically by being the only representative of Pholcophora (and of
Ninetinae) in the western USA and Canada (Fig. 2); morphologically distinguished from similar
congeners (P. mexcala; P. mazatlan sp. nov.; P. papanoa sp. nov.) by shape of male cheliceral
apophyses (Fig. 5SA— B; directed towards frontal rather than upwards, without proximal humps,
relatively short), by tip of procursus (Fig. 5C-E; semi-transparent process widening distally), and by
epigynum (main epigynal plate posteriorly strongly indented, Fig. 6A, C).

Material examined (new records)

USA — Colorado 3 ¢ %, in pure ethanol; Lookout Mountain near Golden, ‘sites 1 & 2°; 39.73° N, 105.24°
W; 2220-2230 m a.s.L.; 6 Jul. 2016; B.A. Huber leg.; one female used for SEM, two prosomata used for
molecular work; ZFMK USA16 « 2 4, in pure ethanol; same collection data as for preceding; vouchers of
Avila Herrera et al. (2021); ZFMK Kra55-56. — California « 2 77, 5 $¢, 1 juv., in pure ethanol; Mono
County, Inyo Nat. Forest; 37.80° N, 118.38° W; 15 Jun. 2003; P. Paquin and N. Dupérré leg.; under wood
debris in pine forest; ZFMK G089 « 1 &, 1 ©; Plumas County, Lassen National Forest, Warner Creek
Campground; 40.3625° N, 121.3081° W; 1540 m a.s.l.; 18 May 2015; K. Schneider leg.; beaten from fallen
pine cones; ZFMK Ar 23944. — 1daho + | ¢, in pure ethanol; Custer County,

Fig. 4. Pholcophora americana Banks, 1896, male from USA, Colorado, near Golden (ZFMK Kra55).
Left palp, prolateral, dorsal, and retrolateral views. Abbreviations: b = genital bulb; co = coxa; fe =
femur; p = procursus; pa = patella; ta = tarsus; ti = tibia; tr = trochanter. Scale bar = 0.3 mm.
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Salmon-Challis Nat. Forest, Kinnikinic Creek Road; 44.278° N, 114.408° W; 19 Sep. 2003; P. Paquin
and D. Wytrykush leg.; scree under Picea glauca forest; ZFMK G090. — Montana * 1 4,2 99, 1
juv., in pure ethanol; Missoula County, Lolo Nat. Forest, near Salmon Lake; 47.072° N, 113.384° W,
18 Sep. 2003; P. Paquin and D. Wytrykush leg.; under rocks, scree; ZFMK G092, — Oregon * 2 7', 2
2%, 1 juv,, in pure ethanol; Josephine County, Siskiyou Nat. Forest, Briggs Valley Road; 42.337° N,
123.610° W; 23 Sep. 2003; P. Paquin and D. Wytrykush leg.; ZFMK G091.

Description (amendments; see Huber 2000)

Male
Measurements of a male from Hat Creek, California: carapace width 0.95; tibia 1 length: 1.75; distance
PME-PME 75 pm; diameter PME 80 pm; distance PME-ALE 30 pm; distance AME-AME 20 pm;
diameter AME 60 pm; diameters of leg femora 0.20-0.23, of leg tibiae 0.11-0.12. Clypeus unmodified,
clypeus rim to ALE 0.30. Chelicerae as in Fig. 5A-B; distances between cheliceral stridulatory ridges 2.5—
2.7 um. Procursus as in Fig. 5C-E, with distinctive transparent element distally; genital bulb as in

Fig. 5. Pholcophora americana Banks, 1896, males. A-E. From USA, Montana, Lolo Nat. Forest (ZFMK
G092). F-H. From California, Inyo Nat. Forest (ZFMK G089). A-B. Chelicerae, frontal and lateral views.
C-E. Left palpal tarsus and procursus, prolateral, dorsal, and retrolateral views. F-H. Left

genital bulb, prolateral, dorsal, and retrolateral views. Scale bars = 0.3 mm.
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Fig. SF-H. Legs with few vertical hairs; prolateral trichobothrium absent on tibia 1. Tibia 1 length in
14 males (incl. specimens measured in Huber 2000): 1.50-1.75 (mean 1.62).

Female
In general similar to male but sternum without pair of anterior humps, and chelicerae without
stridulatory files. Tibia 1 in 15 females (incl. specimens measured in Huber 2000): 1.25-1.70 (mean
1.48). Epigynum and internal female genitalia as in Figs 6-7, apparently without median receptacle,
without or with very small pore plates.

Distribution
Widely distributed in the western USA, ranging into SW Canada (British Columbia) (Fig. 2). The map in

Fig. 2 includes many records from British Columbia that were first shown in a map in Bennett (2014: fig.
5). A list of locality names was later published online in the Checklist of the Spiders (Araneae)

Fig. 6. Pholcophora americana Banks, 1896, females. A—B. From USA, California, Inyo Nat. Forest
(ZFMK G089). C-D. From Colorado, near Golden (ZFMK USA16). Epigyna, ventral and lateral
views. Abbreviations: ep = epigynum (main epigynal plate); pep = posterior epigynal plate. Scale bar
=0.3 mm (all at same scale).
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of British Columbia (http://staff.royalbemuseum.be.ca/). The Canadian dots in Fig. 2 are based on
coordinates of specimens digitized at the Royal British Columbia Museum that were kindly provided
by C. Copley (pers. com. Feb. 2017).

Natural history

Surprisingly, nothing is known about the biology of this widespread spider beyond some basic habitat
data taken from labels. It has usually been found under rocks, wood debris, and other objects on the
ground, often in pine forests. The most northern records (British Columbia) suggest that this species
tolerates very cold winters, with occasional temperatures below -10°C.

e M e e

Fig. 7. Pholcophora americana Banks, 1896, cleared female genitalia. A—C. From USA, California,
Inyo Nat. Forest (ZFMK G089). D-F. From Colorado, near Golden (ZFMK USA16). A, D. Ventral
views. B, E. Dorsal views. C, F. Detail of median internal structures. Scale bars: A-B, D-E = 0.3 mm;
C,F=0.1 mm.
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Fig. 8. Pholcophora americana Banks, 1896, female from USA, Colorado, near Golden (ZFMK
USA16). A. Prosoma, frontal view. B. Right spinnerets. C. Anterior lateral spinneret. D. Detail of tibia
1. E. Detail of metatarsus 4. F. Tarsal organ on tarsus 1. G. Tarsal organ and slit sensillum on tarsus 3.

H. Tarsal organ on tarsus 4. Scale bars: A =100 pm; B-E, G=10 um; F, H=2 pm.
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Ninetinae Pholcophora mazatlan Huber sp. nov.

umn:lsid:zoobank.org:act: C787210E-FE17-42BD-AF00-7C5364558495
Figs 3B-E, 9-13, 33C-D

Diagnosis

Distinguished from similar congeners (P. papanoa sp. nov., P. mexcala, P. americana) by shape of
male cheliceral apophyses (Fig. 10A-B; very long, directed upwards, without proximal humps) and by
shape of male bulbal process (Fig. 10F—H; small dorsal process in very distal position; distinctive
semi-transparent ventral flap). From very similar P. papanoa also by main element of procursus more
gradually narrowing distally (Fig. 10E), by male cheliceral apophyses more strongly directed upwards,
and by thinner male leg femora (0.18-0.20 vs 0.28-0.30). From P. americana also by tip of procursus
(semi-transparent process not widening distally) and by shape of epigynum (Fig. 11A, C; main
epigynal plate posteriorly straight).

Etymology
The species name is derived from the type locality; noun in apposition.

Type material

Holotype
MEXICO — Guerrero * ; ~2 km N of Mazatlan; 17.4567° N, 99.4740° W; 1300 m a.s.l.; 3 Oct.

2019; B.A. Huber and A. Valdez-Mondragon leg.; LATLAX.

Paratypes
MEXICO - Guerrero * 1 ©; same collection data as for holotype; ZFMK Ar23943+ 1 4,11 29;

same collection data as for holotype; LATLAX.

A

Fig. 9. Pholcophora mazatlan Huber sp. nov., male holotype from Mexico, Guerrero, N of Mazatlan
(LATLAX). Left palp, prolateral, dorsal, and retrolateral views. Scale bar = 0.3 mm.
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Other material examined

MEXICO — Guerrero * 3 £ %, in pure ethanol; same collection data as for holotype; one female used
for SEM; ZFMK Mex209 + 3 @9 abdomens, together with female paratype; same collection data as
for holotype; prosomata used for molecular work; ZFMK Ar 23943.

Description

Male (holotype)
Measurements. Total body length 1.90, carapace width 0.80. Distance PME-PME 70 pm; diameter PME
60 pm; distance PME-ALE 30 um; distance AME-AME 20 pum; diameter AME 30 pm. Leg 1: 4.55
(1.30 + 0.30 + 1.15 + 1.30 + 0.50), tibia 2: 1.00, tibia 3: 0.85, tibia 4: 1.25; tibia | L/d: 12; diameters
of leg femora 0.18-0.20, of leg tibiae 0.10.

Fig. 10. Pholcophora mazatlan Huber sp. nov.; male holotype from Mexico, Guerrero, N of Mazatlan
(LATLAX). A-B. Chelicerae, frontal and lateral views. C-E. Left palpal tarsus and procursus,
prolateral, dorsal, and retrolateral views. F-H. Left genital bulb, prolateral, dorsal, and retrolateral
views. Abbreviations: dp = dorsal process; vf = ventral flap. Scale bars = 0.2 mm.
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Colour (in ethanol). Prosoma and legs ochre-yellow, carapace with indistinct Y-mark, legs without
darker rings; abdomen grey with dark bluish internal marks; ventrally with ochre plate in front of
gonopore.

Body (Fig . 3B—C). Ocular area barely raised. Carapace with distinct but shallow thoracic groove (cf.
Fig. 13A). Clypeus unmodified, very short (clypeus rim to ALE: 0.22). Sternum slightly wider than
long (0.56/0.46), oval (not narrow posteriorly), with pair of distinct anterior processes (~0.1 long) near
coxae 1. Abdomen globular.

Chelicerae ( Fig. 10A-B). With pair of long frontal apophyses; stridulatory files very fine, poorly visible
in dissecting microscope; distances between cheliceral stridulatory ridges proximally 2.4 um, distally
3.5 pm.

Palps (Fig. 9). Coxa unmodified; trochanter without process; femur proximally with retrolateral-ventral
process and prolateral stridulatory pick, distally widened but simple, slightly curved towards dorsal;
femur-patella joints slightly shifted toward prolateral side; tibia globular, with two trichobothria; tibia-

Fig. 11. Pholcophora mazatlan Huber sp. nov., females from Mexico, Guerrero, N of Mazatlan
(ZFMK Ar 23943). Epigyna, ventral and lateral views. Scale bar = 0.3 mm (all at same scale).

21

257



European Journal of Taxonomy 880: 1-89 (2023)

tarsus joints not shifted to one side; procursus very simple (Fig. 10C-E), narrow distal part slightly
bent towards prolateral, with semi-transparent tip; genital bulb with small dorsal process in very distal
position, distally with distinctive semi-transparent ventral flap (Fig. 10F-H).

L egs. Without spines and curved hairs; with vertical hairs in two narrow dorsal bands proximally on
tibiac 1 and 2 (length ~30 pm; length of dorsal trichobothrium on tibia 1: ~90 pm); retrolateral
trichobothrium of tibia 1 at 64%:; prolateral trichobothrium absent on tibia I; tarsus 1 with ~7
pseudosegments, only distally 2-3 distinct.

Variation (male)
Tibia 1 in second male: 1.30.

Female
In general, similar to male (Fig. 3D-E) but sternum without pair of anterior humps, tibiae without
higher than usual density of short vertical hairs, and chelicerae without stridulatory files. Tibia 1 in

—

Fig. 12. Pholcophora mazatlan Huber sp. nov., females from Mexico, Guerrero, N of Mazatlan
(ZFMK Ar 23943), cleared female genitalia. A, D. Ventral views. B, E. Dorsal views. C, F. Detail of
median internal structures. Scale bars: A-B, D-E =0.2 mm; C, F = 0.1 mm.
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Fig. 13. Pholcophora mazatlan Huber sp. nov., female from Mexico, Guerrero, 2 km N of Mazatlén
(ZFMK Mex209). A. Prosoma, frontal view. B. Epigynum, ventral view. C. Spinnerets; asterisk:
PMS. D. Anterior lateral spinneret. E. Tarsal organ and slit sensillum on tarsus 3. F. Metatarsus-tarsus
1 joint with lyriform organ, dorsal view. G. Tip of right tarsus 3, prolateral view. H. Comb hair
(arrow) on tarsus 4, prolateral view. Abbreviations: ep = epigynum (main epigynal plate); pep =
posterior epigynal plate. Scale bars: A-B = 100 pm; C =20 um; D, F-H = 10 pm; E =2 pm.
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11 females: 1.00-1.20 (mean 1.08). Epigynum (Figs 11, 13B) with simple anterior plate protruding in
lateral view; posterior plate wide, median part separated anteriorly from lateral parts by pair of whitish
areas. Internal genitalia (Fig. 12) very simple, apparently without or with small and indistinct median
receptacle, without or with very small pore plates.

Distribution
Known from type locality only, in Mexico, Guerrero (Fig. 2).

Natural history

The spiders were found by turning rocks in a forested valley (Fig. 34A). They shared the microhabitat
with at least four further species of Pholcidae (Modisiminae): two representatives of Modisimus
Simon, 1893, one Psilochorus Simon, 1893, and one species of uncertain generic position.

Pholcophora papanoa Huber sp. nov.
urn:lsid:zoobank.org:act:C2E5858B-2822-4630-BCEC-D34864087C0A
Figs 3F-G, 14-18, 33E-F

Diagnosis

Distinguished from similar congeners (P. mazatlan sp. nov., P. mexcala, P. americana) by shape of male
bulbal process (Fig. 15F-H; distinctive dorsal process, without ventral flap) and by shape of male
cheliceral apophyses (Fig. 15A-B; long, directed upwards, without or with barely visible proximal humps);
from very similar P. mazatlan also by main element of procursus more truncated (Fig. 15E), by male
cheliceral apophyses less strongly directed upwards, and by thicker male leg femora (0.28-0.30 vs 0.18—
0.20). From P. americana also by tip of procursus (semi-transparent process not widening distally) and by
shape of epigynum (Fig. 16; main epigynal plate posteriorly straight).

Fig. 14. Pholcophora papanoa Huber sp. nov., male paratype from Mexico, Guerrero, S of Papanoa
(ZFMK Ar 23945). Left palp, prolateral, dorsal, and retrolateral views. Scale bar = 0.3 mm.
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Etymology
The species name is derived from the type locality; noun in apposition.

Type material

Holotype
MEXICO — Guerrero * ; ~5 km S of Papanoa; 17.2711° N, 101.0328° W; 75 m a.s.l.; 4 Oct. 2019;

B.A. Huber and A. Valdez-Mondragén leg.; low forest, leaf litter; LATLAX.

Paratypes
MEXICO — Guerrero * 1 4,1 2; same collection data as for holotype; ZFMK Ar 23945,

Fig. 15. Pholcophora papanoa Huber sp. nov., male paratype from Mexico, Guerrero, S of Papanoa
(ZFMK Ar 23945). A-B. Chelicerae, frontal and lateral views. C-E. Left palpal tarsus and procursus,
prolateral, dorsal, and retrolateral views. F-H. Left genital bulb, prolateral, dorsal, and retrolateral
views. Abbreviation: dp, dorsal process. Scale bars = 0.2 mm.
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Other material examined

MEXICO — Guerrero * 3 ©%, 1 juv., in pure ethanol (one female used for SEM); same collection data
as for holotype; ZFMK Mex216 « 3 9% abdomens, together with paratypes (prosomata used for
molecular work); same collection data as for holotype; ZFMK Ar 23945 » 2 4 (partly used for u-CT
study); same collection data as for holotype; ZFMK Ar 23947 « 1 & (partly used for karyotype
analysis); same collection data as for holotype; ZFMK Ar 23948.

Fig. 16. Pholcophora papanoa Huber sp. nov., females from Mexico, Guerrero, S of Papanoa (ZFMK
Ar 23945), epigyna. A, C-D. Ventral views. B, E. Lateral views. Figs C and D show the same
specimen, with genital plug (gp) and without plug. Scale bars = 0.3 mm.

26

262



HUBER B.A. ef al., North American Ninetinae

Description

Male (holotype)
Measurements. Total body length 2.4, carapace width 1.05. Distance PME-PME 60 pum; diameter PME 70
pum; distance PME-ALE 30 pm; distance AME-AME 20 pm; diameter AME 40 pm. Leg 1: 5.30 (1.50
+0.40 + 1.30 + 1.55 + 0.55), tibia 2: 1.15, tibia 3: 1.05, tibia 4: 1.50; tibia 1 L/d: 9; diameters of leg
femora 0.28-0.30, of leg tibiae 0.14-0.15.

Colour (in ethanol) . Prosoma and legs ochre-orange, no dark marks on carapace, leg femora distally
darkened; abdomen grey with dark bluish internal marks; ventrally with light brown plate in front of
gonopore.

Fig. 17. Pholcophora papanoa Huber sp. nov., females from Mexico, Guerrero, S of Papanoa (ZFMK
Ar 23945), cleared female genitalia. A, D. Ventral views. B, E. Dorsal views. C, F. Detail of median
internal structures. Scale bars: A-B, D-E =0.2 mm; C, F = 0.05 mm.
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Body (Fig. 3F). Ocular area barely raised. Carapace with distinct but shallow thoracic groove. Clypeus
unmodified, very short (clypeus rim to ALE: 0.24). Sternum slightly wider than long (0.68/0.58), heart-
shaped (i.e., narrow posteriorly), with pair of distinct anterior processes near coxae 1. Abdomen globular.

Chelicerae ( Fig. 15A—B). With pair of long frontal apophyses; stridulatory files fine but clearly visible in
dissecting microscope; distances between cheliceral stridulatory ridges proximally 3.0 pm, distally 3.8
pm.

Paps (Fig. 14). Coxa unmodified; trochanter without process; femur proximally with retrolateral-
ventral process and prolateral stridulatory pick, distally widened but simple, slightly curved towards

Fig. 18. Pholcophora papanoa Huber sp. nov., female from Mexico, Guerrero, S of Papanoa (ZFMK
Mex216). A. Ocular area, frontal view. B. Right chelicera, lateral view, showing absence of stridulatory
file. C. Epigynum, posterior view. D. Spinnerets. E. Palpal tarsal organ (and base of ‘regular’ hair). F.
Prolateral trichobothrium on tibia 2. Abbreviations: ep = epigynum (main epigynal plate); pep = posterior
epigynal plate. Scale bars: A, C =100 pm; B, F=20 pm; D= 10 pm; E=2 pm.
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dorsal; femur-patella joints slightly shifted toward prolateral side; tibia globular, with two
trichobothria; procursus very simple (Fig. 15C—E), narrow distal part directed towards prolateral, with
semi-transparent tip; genital bulb with distinctive dorsal process and sclerotized and membranous
distal elements (Fig. 15F—H).

Legs. Without spines and curved hairs; with vertical hairs in two narrow dorsal bands on all tibiae
(length ~20 pm); length of dorsal trichobothrium on tibia 1: ~100 pm; retrolateral trichobothrium of
tibia 1 at 57%; prolateral trichobothrium absent on tibia 1; tarsus 1 with ~7 pseudosegments, only
distally 2-3 distinct.

Variation (male)
Tibia | in other male: 1.35.

Female
In general, similar to male (Fig. 3G) but sternum without pair of anterior humps, tibiae without higher
than usual density of short vertical hairs, and chelicerae without stridulatory files. Tibia 1 in four
females: 0.90, 0.90, 1.00, 1.05. Epigynum (Figs 16, 18C) with simple anterior plate protruding
posteriorly; posterior plate wide, median part separated anteriorly from lateral parts by pair of whitish
areas. Internal genitalia (Fig. 17) very simple, apparently without or with small and indistinct median
receptacle, without or with very small pore plates.

Distribution

Known from type locality only, in Mexico, Guerrero (Fig. 2).

Natural history

The spiders were found in dry leaf litter in a low hillside forest (Fig. 34C). They shared the microhabitat
with at least three further species of Pholcidae (Modisiminae): one representative of Modisimus Simon,
1893, one Anopsicus Chamberlin & Ivie, 1938, and one species of uncertain generic position.

Pholcophora texana Gertsch, 1935
Figs 3H-1, 19-24, 331-]

Remark

For synonymy, type material, and redescription, see Huber (2000).

Diagnosis

Easily distinguished from known congeners by unique brush of modified hairs on male palpal femur
(Fig. 19A, C) and by pair of round sacs in female internal genitalia (Fig. 22B-D); also by shape of
procursus (Fig. 20C-E; tip in lateral view with wide transparent flap), by shape of distal bulbal
process (Fig. 20F-H), and by indistinct plate in front of main epigynal plate (Fig. 21A, C).

Material examined (new record)

MEXICO - Hidalgo « 1 3, 1 ¢, 3 female abdomens; ~2.5 km SW of Jacala; 20.9948° N, 99.2138° W;
1430 m a.s.l.; 21 Oct. 2019; B.A. Huber and A. Valdez-Mondragon leg.; ZFMK Ar 23952 7 @9, 2
juvs, in pure ethanol (three female prosomata used for molecular work, abdomens transferred to
ZFMK Ar 23952); same collection data as for preceding; ZFMK Mex341 « 6 99, 2 juvs (subadult
4dY); same collection data as for preceding; LATLAX.
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Description (amendments; see Huber 2000)

Male

Measurements of male from SW of Jacala, Hidalgo (ZFMK Ar 23952): body length 1.75, carapace
width 0.70; tibia 1 length 1.25, metatarsus 1 length 1.30, tibia 2 length 0.95, tibia 4 length 1.25.
Distance PME-PME 70 um; diameter PME 50 pm; distance PME-ALE 25 pm; distance AME-AME
15 um; diameter AME 30 pm. Diameters of leg femora 0.14-0.16, of leg tibiae 0.08-0.09. Clypeus
unmodified, but slightly more protruding than in female; clypeus rim to ALE 0.21. Distances between
cheliceral stridulatory ridges proximally 2.0 pm, distally 3.2 pm. Sternum humps very distinct, ~0.08
long. Procursus as in Fig. 20C-E, with distinctive transparent element distally (barely visible in
dissecting microscope); genital bulb as in Fig. 20F-H. Leg tibiae with slightly higher number of
vertical hairs than in female (proximally on tibiae 1 and 2); prolateral trichobothrium absent on tibia 1.
Tibia | in previously measured specimens: 0.72 (Gertsch 1982); 0.96, 0.97, 1.39 (Huber 2000).

Female
In general, similar to male but sternum without pair of anterior humps, and chelicerae without
stridulatory files. Tibia 1 in 11 females from SW of Jacala: 0.90-1.18 (mean 1.03). Epigynum and
internal female genitalia as in Figs 21, 22, 23C, with pair of receptacles (shape varies slightly with
angle of view), without (or with very small?) pore plates.

Fig. 19. Pholcophora texana Gertsch, 1935, male from Mexico, Hidalgo, SW of Jacala (ZFMK Ar
23952). Left palp, prolateral, dorsal, and retrolateral views; arrows point at unique brush of modified
hairs. Scale bar = 0.3 mm.
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Distribution

Apparently widely distributed in north-eastern Mexico, ranging into southern Texas (Fig. 2). However, the
map in Fig. 2 includes four records that are based exclusively on females, i.c., the identifications should be
verified (e.g., by collecting males or by sequencing specimens from these localities).

Natural history

The newly collected specimens were found under rocks on an arid hillside set with low thorn scrub
(Fig. 34B).

Fig. 20. Pholcophora texana Gertsch, 1935, male from Mexico, Hidalgo, SW of Jacala (ZFMK Ar
23952). A-B. Chelicerae, frontal and lateral views. C—E. Left palpal tarsus and procursus, prolateral,
dorsal, and retrolateral views. F—H. Left genital bulb, prolateral, dorsal, and retrolateral views. Scale
bars = 0.2 mm.
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Fig. 21. Pholcophora texana Gertsch, 1935, female from Mexico, Hidalgo, SW of Jacala (ZFMK Ar
23952), epigynum. A. Ventral view. B. Lateral view. Scale bar = 0.3 mm (both at same scale).

Fig. 22. Pholcophora texana Gertsch, 1935, females from Mexico, Hidalgo, SW of Jacala (ZFMK Ar
23952). A-B. Cleared female genitalia, ventral and dorsal views. C-D. Detail of median internal
structures in two different specimens (slightly different angles of view). Scale bars: A-B = 0.2 mm;
C-D=0.1 mm.
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Fig. 23. Pholcophora texana Gertsch, 1935, female from Mexico, Hidalgo, 2.5 km SW of Jacala
(ZFMK Mex341). A. Ocular area, dorsal view. B. Lateral face of chelicera, showing absence of
stridulatory file. C. Epigynum, ventral (slightly posterior) view. D. ALS. E. PMS and anal hairs
(arrows). F. Tip of left palpal tarsus, dorsal view. G. Detail of right palpal tarsus, dorsal view. H.
Palpal tarsal organ. Abbreviations: ep = epigynum (main epigynal plate); pep = posterior epigynal
plate; to = tarsal organ. Scale bars: A-B =20 um; C = 100 pm; D-G = 10 um; H=2 pm.

33

269



European Journal of Taxonomy 880: 1-89 (2023)

Fig. 24. Pholcophora texana Gertsch, 1935, female from Mexico, Hidalgo, 2.5 km SW of Jacala (ZFMK
Mex341). A. Detail of femur 2, retrolateral view. B. Detail of tibia 4, retrolateral view. C. Patella-tibia 1
joint, retrolateral view. D. Metatarsus-tarsus 2 joint, retrolateral view. E. Retrolateral trichobothrium of
tibia 1. F. Detail of tarsus 1, showing pseudosegmentation. G. Tip of tarsus 2, retrolateral view. H. Tip of
tarsus 4, prolateral view, showing comb-hair (arrow). Scale bars: A-B, D-H = 10 um; C = 20 pm.
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Ninetinae Pholcophora tehuacan Huber sp. nov.

urn:lsid:zoobank.org:act: DTF69ECS5-F4AB-4425-AABF-3257B146EASA
Figs 3J-K, 25-29, 33K-L

Diagnosis

Easily distinguished from most known congeners (except P. maria Gertsch, 1977) by small size
(carapace width <0.70; tibia 1 length < 1.0) and by pair of tube-like sacs in female internal genitalia
(Fig. 28B). From P. maria by shorter female internal sacs (60 pm vs 110 pm), smaller body (total
body length 1.2 vs 1.65; carapace width 0.55 vs 0.65) and shorter legs (female tibia 1: 0.60-0.65 vs
0.93). Male of P. maria unknown.

Remark

Judging from the female internal genitalia (compare Fig. 28B with Huber 2000: fig. 1357), this species
may be closely related to P. maria Gertsch, 1977 which is known from a single female specimen
originating from Yucatan, Cueva (Gruta, Actin) Xpukil (20.551° N, 89.912° W, 80 m a.s.l.). This
implies that P. maria is probably correctly placed in Pholcophora (it was considered incertae sedis in
Huber 2000).

Etymology
The species name is derived from the type locality: noun in apposition.

Type material

Holotype
MEXICO — Puebla » '; ~35 km SE of Tehuacan, Calapa bridge, N side; 18.1652° N, 97.2605° W;

1020 ma.s.l.; 24 Oct. 2019; B.A. Huber and A. Valdez-Mondragén leg.; LATLAX.

Paratypes
MEXICO — Puebla * 2 £, 1 9, and 1 female abdomen; same collection data as for holotype; ZFMK

Ar 23949 « 4 7, 22 Q9 same collection data as for holotype; LATLAX = 1 £, 1 9; same collection

Fig. 25. Pholcophora tehuacan Huber sp. nov., male paratype from Mexico, Puebla, SE of Tehuacan
(ZFMK Ar 23949). Left palp, prolateral, dorsal, and retrolateral views. Scale bar = 0.2 mm.
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data as for holotype but W side of Calapa bridge; 18.1619° N, 97.2647° W; 1010 m a.s.l.; 23 Oct.
2019; ZFMK Ar 23950.

Other material examined

MEXICO — Puebla * 2 &4, 6 99, 5 juvs, in pure ethanol; same collection data as for holotype; four
female prosomata used for molecular work, 1 & 1 ¢ used for SEM, 1 female abdomen transferred to
ZFMK Ar 23949; ZFMK Mex353 « 1 J, 1 §; same collection data as for holotype; partly used for p-
CT study; ZFMK = 1 &; same collection data as for holotype; partly used for karyotype analysis;
ZFMK 23951 = 1 juv., in pure ethanol; same collection data as for holotype but W side of Calapa
bridge; ZFMK Mex350.

Fig. 26. Pholcophora tehuacan Huber sp. nov., male paratype from Mexico, Puebla, SE of Tehuacan
(ZFMK Ar 23949). A-B. Chelicerae, frontal and lateral views. C-E. Left palpal tarsus and procursus,
prolateral, dorsal, and retrolateral views. F-G. Left genital bulb, prolateral, dorsal, and retrolateral
views. Abbreviations: dp = distal process; rda = retrolateral-dorsal apophysis. Scale bars = 0.1 mm.
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Description

Male (holotype)
Measurements. Total body length 1.20, carapace width 0.55. Distance PME-PME 40 pm; diameter PME
45 pm; distance PME-ALE 20 pm; distance AME-AME 15 pm; diameter AME 20 pym. Leg 1: 2.55
(0.75 + 0.20 + 0.65 + 0.60 + 0.35), tibia 2: 0.55, tibia 3: 0.50, tibia 4: 0.75; tibia 1 L/d: 8; diameters of
leg femora 0.11-0.12, of leg tibiae 0.08.

Colour (in ethanol). Prosoma and legs monochromous pale ochre-yellow; abdomen slightly darker, also
monochromous.

Body. Habitus as in Fig. 3J. Ocular area barely raised. Carapace with low thoracic groove. Clypeus
unmodified, very short (clypeus rim to ALE 0.12). Sternum slightly wider than long (0.34/0.32),
almost round (i.e., not heart-shaped), with pair of small but distinct anterior processes (~30 pm long)
near coxae 1. Abdomen globular; gonopore with four epiandrous spigots (Fig. 29C); ALS with seven
spigots, PMS with two spigots (Fig. 29G).

Fig. 27. Pholcophora tehuacan Huber sp. nov., females from Mexico, Puebla, SE of Tehuacan (ZFMK Ar
23949), epigyna. A, C. Ventral views. B, D. Lateral views. Scale bar = 0.2 mm (all at same scale).
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Chelicerae (Fig. 26A—B). With pair of frontal apophyses directed downwards; stridulatory ridges very
fine (Fig. 29A; distances between ridges 2.0-2.2 um), not visible in dissecting microscope.

Paps (Fig. 25). Coxa unmodified; trochanter without process; femur proximally with retrolateral-
ventral process and prolateral stridulatory pick, distally widened but simple, slightly curved towards
dorsal; femur-patella joints slightly shifted toward prolateral side; tibia very short, with two
trichobothria; tibia-tarsus joints not shifted to one side; tarsal organ raised, with small opening (Fig.
29E); procursus very simple (Fig. 26C—E), with subdistal constriction and semi-transparent tip; genital
bulb complex (Fig. 26F-H), with distinctive retrolateral-dorsal apophysis and long distal process.

Legs. Without spines and curved hairs; with usual low number of short vertical hairs; retrolateral
trichobothrium of tibia 1 at 60%; prolateral trichobothrium absent on tibia 1; tarsus 1 with 6
pseudosegments, all fairly distinct.

Fig. 28. Pholcophora tehuacan Huber sp. nov., females from Mexico, Puebla, SE of Tehuacan
(ZFMK Ar 23949), cleared female genitalia. A, D. Ventral views. B, E. Dorsal views. C, F. Detail of
median internal structures. Scale bars = 0.1 mm.
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Fig. 29. Pholcophora tehuacan Huber sp. nov., male and female from Mexico, Puebla, 35 km SE of
Tehuacan (ZFMK Mex353). A. Male chelicerae, oblique frontal view. B. Lateral face of female chelicera,
showing absence of stridulatory file. C. Male gonopore with epiandrous spigots. D. Epigynum, ventral
view. E. Male palpal tarsal organ. F. Female palpal tarsal organ and slit sensillum. G. Male ALS and PMS.
H. Tip of right male tarsus 2, prolateral view, Abbreviations: ep = epigynum (main epigynal plate); pep =
posterior epigynal plate. Scale bars: A =20 pm; B-C, G-H=10 pm; D=100 pm; E=1 pm; F=2 pm.
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Variation (male)
Tibia | in ten males (incl. holotype): 0.60-0.65 (mean 0.62).

Female
In general, similar to male (Fig. 3K) but sternum without pair of anterior humps, and chelicerae without
stridulatory files (Fig. 29B). Total body length ~1.20-1.40; tibia 1 in 14 females 0.60-0.65 (mean 0.62).
Epigynum (Fig. 27) with short and simple anterior plate slightly protruding in lateral view; posterior plate
wide, median part not separated from lateral parts by pair of whitish anterior areas. Internal genitalia (Fig.
28) with pair of distinct sacs (receptacles?) 60 pm long, without (or with very small?) pore plates.

Distribution
Known from type locality only, in Mexico, Puebla (Fig. 2).

Natural history

The spiders were found by turning rocks in a very dry area (Fig. 34D). They shared the microhabitat
and sometimes the individual rock with a small undescribed species of Physocyclus Simon, 1893, and
were difficult to distinguish from juveniles of that species. At disturbance they started to run rapidly
and dropped from the rock to the ground (where they could no longer be found). The area was shared
by a second representative of Pholcophora (“Mex354”, see below), which also shared the microhabitat
but was never found on the same rock as Pholcophora tehuacan sp. nov.

Putative further species

Pholcophora “Mex354”
Figs 3L, 30, 33G-H

This species is not formally described because no male is available. The morphology of the epigynum
(Fig. 30A-B) reminds of geographically close congeners (P. mazatlan sp. nov.; P. papanoa sp. nov.)
but the main epigynal plate is not straight posteriorly but has a pair of lateral indentations, and the legs
tend to be longer (tibia 1 in 10 females 1.12—1.40, mean 1.28). The female of P. mexcala is unknown,
but P. mexcala seems to be a much bigger species (male tibia | length >4.0). The specimens were
collected in a dry area, together with a second representative of Pholcophora (P. tehuacan sp. nov.),
and five further species of Pholcidae (Physocyelus modestus Gertsch, 1971; Physocyclus sp.;
Modisimus sp.; Psilochorus spp.). The spiders were usually found on the undersides of rocks,
apparently in tiny webs; they did not run unless the web was damaged by turning the rock.

Material examined

MEXICO — Puebla * 5 22, in pure ethanol; ~35 km SE of Tehuacan, N of Calapa bridge; 18.1652°
N, 97.2605° W; 1020 m a.s.l.; 24 Oct. 2019; B.A. Huber and Valdez-Mondragon leg.; thorn scrub,
under rocks; two prosomata used for molecular work; ZFMK Mex354 « 8 ¢ Q: same collection data as
for preceding; LATLAX.

Pholcophora’? “Car544”
Figs 31, 33M

S298 Pholcophora? Car544 Car544 — Eberle et al. 2018 (molecular data). — Huber et al. 2018:
55. Remarks

The two adult females available of this species resemble P. bahama Gertsch, 1982 that is known from a
single adult female specimen (from Bahamas, West Caicos Island). The two species are distinguished by
the strong rectangular sclerite between pedicel and epigynum in the present species (Fig. 31C). Habitus
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and size of the two species appear identical, and the female internal genitalia share a median tube-like sac
(compare Fig. 31G with Huber 2000: fig. 1356). The distinctive pair of internal posterior structures appears
more widely separated in the present species (only one female cleared). Our molecular data

A e

Fig. 30. Pholcophora “Mex354”, females from Mexico, Puebla, SE of Tehuacan (ZFMK Mex354).
A-B. Epigynum, ventral and lateral views. C-D. Cleared female genitalia, ventral and dorsal views.
E-F. Detail of median internal structures in two different specimens. Scale bars: A-D = 0.3 mm; E-F
=0.1 mm.
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suggest that the present species (together with Pholcophora bahama if the similarity above indeed
reflects close relationship) is more closely related with an undescribed Cuban species (see below) and

Fig. 31. Pholcophora? “Car544”, females from Puerto Rico, Isla Mono (USNM ENT 783464, 783466). A—
B. Habitus, dorsal and lateral views. C. Abdomen, ventral view. D-E. Abdomens of two specimens, lateral
views (at same scale). F. Cleared female genitalia, ventral view. G. Detail of median internal structures,
dorsal view. Abbreviations: as = anterior sclerite; ep = epigynum (main epigynal plate); pep = posterior
epigynal plate. Scale bars: A-B = 1 mm; C-E = 0.3 mm; F-G =0.1 mm.
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with the Caribbean (Curagao) genus Papiamenta Huber, 2000 than with true Phelcophora. Our UCE
dataset (G. Meng, L. Podsiadlowski, B.A. Huber, unpubl. data) does not include the present species.

Material examined

PUERTO RICO - Isla Monito « 2 22, 1 juv,, in pure ethanol; precise locality not specified; 18.16°
N, 67.95° W; 14 Aug. 2012; I. Agnarsson ef al. leg.; USNM ENT 783463, 783464, 783466.

Fig. 32. Pholcophora? “Cul2-325”, female from Cuba, Santiago de Cuba, Siboney (ZFMK Cul2-
325). A-B. Habitus, dorsal and lateral views. C-D. Abdomen, ventral and lateral views. E. Cleared
female genitalia, ventral view. F. Detail of median internal structures, dorsal view. Scale bars: A-B =
1 mm; C-D = 0.3 mm; E-F = 0.1 mm.

43

279



European Journal of Taxonomy 880: 1-89 (2023)

Fig. 33. Pholcophora internal female genitalia, median sections of main transversal internal sclerite.
A-B. P. americana Banks, 1896, females from USA, California, Inyo Nat. Forest (ZFMK G089) and
Colorado, near Golden (ZFMK USA16). C-D. P. mazatlan Huber sp. nov., females from Mexico,
Guerrero, N of Mazatlan (ZFMK Ar 23943). E-F. P. papanoa Huber sp. nov., females from Mexico,
Guerrero, S of Papanoa (ZFMK Ar 23945). G-H. P. “Mex354”, females from Mexico, Puebla, SE of
Tehuacan (ZFMK Mex354). 1-J. P. texana Gertsch, 1935, females from Mexico, Hidalgo, SW of
Jacala (ZFMK Ar 23952). K-L. P. tehuacan Huber sp. nov., females from Mexico, Puebla, SE of
Tehuacan (ZFMK Ar 23949). M. Pholcophora? “Car544”, female from Puerto Rico, Isla Mono
(USNM ENT 783464). N . Pholcophora? “Cul2-325", female from Cuba, Santiago de Cuba, Siboney
(ZFMK Cul2-325). Scale bar = 0.1 mm.
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Pholcophora? “Cul2-325”
Figs 32, 33N

S$323 Gen. Cul2-325 Cul2-325 — Eberle ef al. 2018 (molecular data). — Huber et al. 2018: 55.

Remarks

The two adult females available of this species resemble other large representatives of the genus (Fig.
32A-B); body length 2.4; tibia 1 length 1.28, 1.36. Epigynum (Fig. 32C-D) consisting of trapezoidal
anterior plate and short but wide posterior plate; internal genitalia (Fig. 32E-F) with distinctive
median tube, curled up and ~600 pum long (reminding of the putatively distantly related Gertschiola
neuguena Huber, 2000; see Huber 2000: fig. 354).

Our molecular data suggest that the present species is more closely related with other Caribbean taxa
(Pholcophora bahama, the undescribed Pholcophora? “Car544”, and the genus Papiamenta) than
with true Pholcophora.

Material examined

CUBA - Santiago de Cuba + 2 29, in pure ethanol; Siboney, Cueva de los Majases; 19.9623° N,
75.7171° W; ~90 m a.s.L.; Apr. 2012; F. Cala Riquelme leg.; ZFMK Cul2-325.

Fig. 34. Representative sample of habitats of Pholcophora Banks, 1896 in Mexico. A. Guerrero, 2 km
N of Mazatlan (type locality of P. mazatlan Huber sp. nov.). B. Hidalgo, 2.5 km SW of Jacala (P.
texana Gertsch, 1935). C. Guerrero, 5 km S of Papanoa (type locality of P. papanoa Huber sp. nov.;
with collecting tray). D. Puebla, 35 km SE of Tehuacan (type locality of P. tehuacan Huber sp. nov.).
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Genus Tolteca Huber, 2000
Tolteca Huber, 2000: 117. Type species: Pholcophora hesperia Gertsch, 1982.

Diagnosis

Easily distinguished from only other North American Ninetinae genus Pholcophora by small male
cheliceral apophyses originating distally (Figs 38A-B, 44; in Pholcophora large and originating
proximally); also by absence of stridulatory ridges on male chelicerae (Figs 41 A, 46F); most species
(except T. sinnombre sp. nov.) also by knob-shaped structure between epigynum and pedicel (Figs
43A, 45A, 49A); from most species (except P. tehuacan sp. nov.) also by smaller size (body length
~1.1-1.4; in Pholcophora ~1.7-3.1) and shorter legs (tibia 1 <0.7, in Pholcophora > 1.0). From other
geographically close genera (Papiamenta, Galapa) also by simple rod-shaped procursus (Figs 38C,
51C; much shorter in Papiamenta; with dorsal process in Galapa), by presence of humps on male
sternum (absent in Papiamenta), and by unmodified male cheliceral fangs (with processes in Galapa).

Description

Male
Measurements. Total body length 1.1-1.4, carapace width 0.45-0.55. Legs very short, tibia 1 ~0.45— 0.60;
tibia 1 ~1.0-1.1 x carapace width; tibia 1 L/d 7-9; tibia 2 much shorter than tibia 4 (tibia 2 / tibia 4:
0.6-0.7).

Colour. Live specimens reddish brown (Fig. 36); carapace usually monochromous, sometimes with very
indistinct darker median line widening anteriorly behind ocular area; abdomen colour slightly variable,
usually monochromous, sometimes with indistinct dorsal marks; legs without dark or light bands.
Colour in ethanol similar but paler, rather yellowish.

Body. Ocular area barely raised, eight eyes, AME relatively large, diameter ~25-30 um, ~60-80% of
PME diameter; Carapace without thoracic groove or with very indistinct low median indentation
(visible in frontal view only). Clypeus unmodified or with rim slightly more sclerotized than in female.
Sternum wider than long, with pair of distinct anterior processes near leg coxae 1. Abdomen globular;
presence of epiandrous spigots unclear (reported as present in Huber 2000: fig. 126; not seen in two
newly examined males of 7. hesperia and T. manzanillo Huber sp. nov.; Fig. 46G); ALS with seven
spigots each (Fig. 54C): one strongly widened spigot, one long pointed spigot, and five cylindrical
spigots (one of which is unusually large); PMS with two short, pointed spigots (Fig. 54C); PLS
without spigots.

Chelicerse. With one pair of simple frontal apophyses (Figs 38A-B, 41A-B); without stridulatory files
(Figs 41A, 46F).

Paips. Coxa unmodified; trochanter barely modified (indistinct ventral projection); femur cylindrical,
slightly widened distally, proximally without retrolateral hump; patella short; tibia globular, with two
trichobothria; palpal tarsal organ raised, capsulate with small opening (Figs 41E-F, 46C-D; diameter
of opening ~1.1-1.3 um); procursus simple and straight (Figs 38C, 46A—B), without dorsal flap, not
strongly elongated; genital bulb large (compared to palp size), with complex distal system of sclerites
and folds, partly only visible in SEM (Figs 41C-D, 46A-B).

Legs. Without spines and curved hairs; with very short vertical hairs in higher density on tibia 1 (Fig.
42A-B; length of hairs ~20 pum). Trichobothria in usual arrangement: three on each tibia (except tibia
1: prolateral trichobothrium absent), one on each metatarsus; slightly feathered (Fig. 54D); length of
dorsal trichobothrium on tibia 1: ~100 pm; retrolateral trichobothrium of tibia 1 in very distal
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position (at 59-65%). Tarsus 1 with 4-6 distinct pseudosegments; tarsus 4 distally with one comb-hair
on prolateral side (cf. Fig. 54H); leg tarsal organs very small, capsulate with small opening (Fig. 46E;
diameter of opening ~1.0-1.4 pm); three claws (Fig. 42H).

Female

In general (size, colour) similar to male (Fig. 36) but sternum without pair of anterior humps, palpal tarsal
organ less strongly raised (Figs 41G, 54E), and leg tibia 1 with usual low number of short vertical hairs;
legs either slightly shorter than in males or of same length (only 7. oaxaca sp. nov. with reasonable sample
size: male/female tibia 1 length: 1.06). Spinnerets and comb-hairs as in male. Epigynum main (anterior)
plate transversal band-shaped to crescent-shaped, weakly protruding in lateral view; posterior plate often
indistinct, short but wide, usually with median anterior projection. Usually with distinct knob-shaped
structure between epigynum and pedicel (Figs 43A, 45A, 49A, 54A-B; absent in T. sinnombre sp. nov.).
Internal genitalia very simple, with pair of distinct transversal sclerites and pair of membranous sacs
originating medially (Fig. 55), sacs very short in 7. oaxaca (9-13 um) and in T. jalisco (Gertsch, 1982) (18
pum), very long in T. sinnombre (85 um); in other species ~42-48 pm; apparently without pore plates
(possibly with very indistinct tiny groups of pores near median line).

Relationships

The genus Tolteca was not included in the molecular analysis of Eberle et al. (2018). Our new
molecular data mostly suggest that Tolfeca is sister to a clade consisting of true Pholcophora and a
Caribbean clade (Papiamenta Huber, 2000 + Caribbean ‘Pholcophora’). This supports a monophyletic
North American-Caribbean clade of Ninetinae (Fig. 1; see also general results of molecular analyses
above). The latter clade is also strongly supported in our preliminary analyses of UCE data (G. Meng,
L. Podsiadlowski, B.A. Huber, unpubl. data), but in that case with Papiamenta as sister to Tolteca +
true Pholcophora (no Caribbean *Pholcophora’ is included in the UCE dataset).

Within 7olteca, our unpartitioned analysis suggests that the most southern species (7. eaxaca sp. nov.)
is sister to all other species; among those, T. hesperia is sister to T. jalisco + ( T. manzanillo sp. nov. +
T. huahua Huber sp. nov.). Our unpublished UCE dataset does not include 7. huahua but otherwise it
supports the same intrageneric relationships.
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Fig. 35. Known distribution of Tolteca Huber, 2000.
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Distribution

The genus appears restricted to the Pacific Lowlands and Baja Californian biogeographic provinces of
Mexico, as delimited in Morrone ef al. (2017) (Fig. 35). The female specimens originating from San
Luis Potosi and Puebla provinces tentatively identified as Tolteca and briefly mentioned in Huber
(2000: 120) are possibly not Tolteca.

Natural history
Most newly collected specimens were found in low, relatively dry forests (Fig. 56). Here they occupied the
thin layers of leaf litter and sometimes the spaces under small stones and pebbles. They often shared

Fig. 36. Tolteca Huber, 2000 live specimens. A-B. T. hesperia (Gertsch, 1982), male and female with egg-sac
from Mexico, Sinaloa, S of Rosario. C-D. T jalisco (Gertsch, 1982), females with egg-sacs from Mexico,
Jalisco, N of La Quemada. E-F. T. manzanillo Huber sp. nov., male and female with egg-sac from Mexico,
Colima, E of Manzanillo. G-H. T. sinnombre Huber sp. nov., male and female from Mexico, Colima, S of
Coquimatlén. I-J. T. huahua Huber sp. nov., male and female from Mexico, Michoacan, W of Huahua. K-L. T
oaxaca Huber sp. nov., male and female with egg-sac from Mexico, Oaxaca, NW of Tehuantepec.
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the microhabitat with other species of Pholcidae, but Telteca appeared largely restricted to the dryer
areas while other genera (mostly Modisimus) seemed to prefer slightly more humid leaf litter. No
webs were observed in the field, but the spiders built tiny silk mats in the glass vials. When disturbed,
they ran rapidly and barely slowed down for several minutes. Females carried their disc-shaped egg-
sacs under the prosoma (Fig. 36); egg-sacs usually contained 5 or 6 eggs, each with a diameter of
~0.35-0.45 mm (Huber & Eberle 2021). Some females had a genital plug (cf. Fig. 49A-B).

Composition

The genus now includes six nominal species, all of which are treated below.

Tolteca hesperia (Gertsch, 1982)
Figs 36A-B, 37-42

Pholcophora hesperia Gertsch, 1982: 102 (part; see Remarks below), figs 34-36, 45-47 (Z9).

Tolteca hesperia — Huber 2000: 118 (part, see Remarks below), fig. 454 (other figures refer to T.
oaxaca sp. nov.; see Remarks below).

Remarks

Gertsch (1982) designated a male specimen from Sinaloa as holotype, and in the text description he
explicitly refers to that specimen. However, it is not clear if the figures of the male (Gertsch 1982: figs 34—
36) are from the holotype or not. The procursus (narrowing gradually) and chelicerae (apophyses weakly
protruding) suggest he drew another specimen of what is now considered a different species (maybe 7.
huahua sp. nov. or T. manzanillo sp. nov.). Gertsch’s (1982) figures from the female (Gertsch

Fig. 37. Tolteca hesperia (Gertsch, 1982), male from Mexico, Sinaloa, S of Rosario (ZFMK Ar
23953). Left palp, prolateral, dorsal, and retrolateral views. Abbreviations: b = genital bulb; co = coxa;
fe = femur; p = procursus; pa = patella; ta = tarsus; ti = tibia; tr = trochanter. Scale bar = 0.2 mm.
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1982: figs 45-47) are certainly not from a topotypical female as no such female was available to him.
It is not possible to tell from Gertsch’s figures which species he illustrated.

The redescription of T. hesperia in Huber (2000) is mainly based on specimens from Oaxaca (2 mi SE
of Niltepec) that are here considered a different species (7. oaxaca sp. nov.). Only the illustration of
the procursus (Huber 2000: fig. 454) is from the holotype.

We have not restudied Gertsch’s (1982) T. hesperia specimens but consider all specimens except for
those from Sinaloa to represent other species. Judging from the geographic closeness to newly
collected specimens, Gertsch’s specimens from Colima probably represent 7. sinnombre sp. nov. (10
mi S of Colima) and 7. manzanillo sp. nov. (12 mi E of Manzanillo); those from Oaxaca probably
represent 7. oaxaca sp. nov. We cannot comment on the specimens from Baja California Sur listed in
Gertsch (1982) and Huber (2000).

Fig. 38. Tolteca hesperia (Gertsch, 1982), male from Mexico, Sinaloa, S of Rosario (ZFMK Ar 23953).
A-B. Chelicerae, frontal and lateral views. C. Left palpal tarsus and procursus, retrolateral view.
D-F. Left genital bulb, prolateral, dorsal, and retrolateral views. Scale bars = 0.1 mm.
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Diagnosis

Distinguished from known congeners by the combination of: male genital bulb without dorsal ridge
(Fig. 38F; unlike T. jalisco); procursus tip abruptly narrowing (Fig. 38C; similar to 7. sinnombre sp.
nov., unlike other species); male cheliceral apophyses in lateral view with large angle against distal-
frontal face of chelicera (Fig. 38B; ~60° versus 25-35° in other species; not checked in 7. jalisco);
main epigynal plate band-like (Fig. 39A, C; rather than crescent-shaped as in 7. manzanillo sp. nov.,
T. huahua sp. nov., and T. oaxaca sp. nov.); sacs in female internal genitalia ~40-50 pm long (Fig.
40C, F; i.e., longer than in 7 jalisco and T. oaxaca, shorter than in 7. sinnombre).

Material examined

Holotype
MEXICO — Sinaloa * J; 5 mi S of Mazatlan; ~23.20° N, 106.36° W; ~10-20 m a.s.l.; 23 Jul. 1954;
W.J. Gertsch leg.; AMNH; examined (Huber 2000).

New record
MEXICO — Sinaloa = 4 77, 1 2, and 2 cleared epigyna; ~3 km S of Rosario; 22.9584° N, 105.8490° W:
65 m a.s.l.; 9 Oct. 2019; B.A. Huber and A. Valdez-Mondragon leg.; one male used for SEM; ZFMK Ar
23953+ 12 @9, 5 juvs, in pure ethanol; same collection data as for preceding; one female used for SEM,

Fig. 39. Tolteca hesperia (Gertsch, 1982), females from Mexico, Sinaloa, S of Rosario (ZFMK
Mex253), epigyna. A, C. Ventral views. B, D. Lateral views. Abbreviations: ep = epigynum (main
epigynal plate); pep = posterior epigynal plate. Scale bar = 0.2 mm (all at same scale).
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four female prosomata used for molecular work, two abdomens cleared and transferred to ZFMK Ar
23953; ZFMK Mex253 « 2 J; same collection data as for preceding; partly used for karyotype analyses;
ZFMK Ar 23954 » 3 44, 2 9 9: same collection data as for preceding; partly used for u-CT study; ZFMK
Ar23955+ 1,4 92,1 juv. (subadult male); same collection data as for preceding; LATLAX.

Description (amendments; see Gertsch 1982; Huber 2000)

Male (ZFMK Ar 23953)
Measurements. Total body length 1.40, carapace width 0.52. Distance PME-PME 40 um; diameter PME
40 pum; distance PME-ALE 15 pm; distance AME-AME 10 um; diameter AME 30 um. Leg 1: 2.32
(0.65+0.17 +0.57 + 0.60 + 0.33), tibia 2: 0.47, tibia 3: 0.43, tibia 4: 0.73; tibia 1 L/d: 7; diameters of
leg femora 0.135, of leg tibiae 0.08.

Colour (in ethanol). Prosoma and legs monochromous ochre-yellow; abdomen ochre-grey, also
monochromous.

Fig. 40. Tolteca hesperia (Gertsch, 1982), females from Mexico, Sinaloa, S of Rosario (ZFMK Ar
23953), cleared female genitalia, A, D. Ventral views. B, E. Dorsal views. C, F. Detail of median
internal structures. Scale bars: A-B, D-E = 0.1 mm; C, F = 0.05 mm.
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Fig. 41. Tolteca hesperia (Gertsch, 1982), male and female from Mexico, Sinaloa, 3 km S of Rosario
(ZFMK Ar23953 and Mex253). A. Male chelicerae, lateral view. B. Male right chelicera, frontal view.
C. Left male palp, distal view. D. Right genital bulb (and procursus), dorso-distal view. E. Detail of
male palpal tarsus showing position of tarsal organ (arrow). F. Male palpal tarsal organ. G. Female
palpal tarsal organ. H. Male ALS and PMS. Abbreviations: b = genital bulb; fe = femur; p =
procursus. Scale bars: A, C-D =20 um; B, E-F =10 pm; G=1 pm; H=2 pm.
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Fig. 42. Tolteca hesperia (Gertsch, 1982), male and female from Mexico, Sinaloa, 3 km S of Rosario
(ZFMK Ar23953 and Mex253). A. Male tibia 1, prolateral view. B. Male tibia 1, retrolateral view. C.
Sexually dimorphic short vertical hair on male tibia 1. D . ‘Regular’ short vertical hair on male
metatarsus 1. E. Tip of ‘regular’ short vertical hair, detail of preceding image. F. Male metatarsus-
tarsus 1 joint, retrolateral-dorsal view. G. Tarsal organ on female tarsus 1. H. Tip of left male tarsus 2,
retrolateral view. Scale bars: A-B, F, H=10 um; C-D,G =2 um; E= 1 pm.
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Body (Fig. 36A). Ocular area barely raised. Carapace without thoracic groove. Clypeus unmodified,
only rim slightly more sclerotized, short (clypeus rim to ALE: 160 pm). Sternum wider than long
(0.40/0.37), with pair of small but distinct anterior processes (~60 um diameter at basis, ~60 um long)
near coxae 1. Abdomen globular,

Chelicerse (Figs 38A-B, 41A-B). With pair of frontal apophyses pointing downwards, distance between
tips of apophyses: 60 pm; without stridulatory files.

Paips ( Fig. 37). Coxa unmodified; trochanter without process; femur proximally without process,
distally widened but simple, slightly curved towards dorsal; femur-patella joints minimally shifted
toward prolateral side; tibia very short, with two trichobothria; tibia-tarsus joints not shifted to one
side; procursus very simple (Figs 38C, 41C), with distal ventral process; genital bulb (Figs 38D-F,
41C-D) large, complex, possibly indistinguishable from congeners.

Legs. Without spines and curved hairs; with slightly increased density of short vertical hairs on tibia 1
(Fig. 42A—C; barely visible in dissecting microscope); retrolateral trichobothrium of tibia 1 at 64%;
prolateral trichobothrium absent on tibia I; tarsus 1 with five pseudosegments, all fairly distinct.

Variation (male)
Tibia 1 in three other newly collected males: 0.55, 0.57, 0.60.

Female

In general, similar to male (Fig. 36B) but sternum without pair of anterior humps and tibia 1 without
increased density of short vertical hairs. Total body length: ~1.20-1.40; tibia 1 in 12 newly collected
females: 0.47-0.62 (mean 0.52). Epigynum (Fig. 39) very short band-shaped anterior plate slightly
protruding in lateral view; posterior plate wide, median part slightly protruding anteriorly. With
distinct knob between epigynum and pedicel (accidentally missing in specimens shown in Figs 39 and
40 — the knob sometimes stays attached to the prosoma when the abdomen is detached from it).
Internal genitalia (Fig. 40) with pair of strong transversal sclerites, pair of distinct sacs (receptacles?),
without (or with very small?) pore plates.

Distribution

Apparently widely distributed in southern and central Sinaloa, Mexico (Fig. 35). All specimens from
outside of Sinaloa listed in Gertsch (1982) and Huber (2000) are here either considered to represent
different (new) species (specimens from Colima and Oaxaca) or dubious (specimens from Baja
California Sur — not re-examined).

Natural history

The newly collected spiders were found in the thin leaf litter layer and under stones in a low and quite
dry roadside forest (Fig. 56A). They shared the locality with up to four unidentified species of
Modisimus, one of them apparently in much the same microhabitat.

Tolteca jalisco (Gertsch, 1982)
Figs 36C-D, 43, 55C

Pholcophora jalisco Gertsch, 1982: 102, figs 40-41 (Z).

Tolteca jalisco — Huber 2000: 120, figs 458-459 (d).
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Fig. 43. Tolteca jalisco (Gertsch, 1982), females from Mexico, Jalisco, N of La Quemada (ZFMK Ar
23956). A-D. Epigyna, ventral (A, C) and lateral (B, D) views; arrows point at anterior knob-shaped
structure. E-G. Cleared female genitalia, ventral (E) and dorsal (F) views, and detail of median internal
structures (G); arrows point at membranous sacs (cf. Fig. 55C). Abbreviations: ep = epigynum (main
epigynal plate); pep = posterior epigynal plate. Scale bars: A-D = 0.2 mm; E-F = 0.1 mm; G = 0.05 mm.
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Diagnosis

Distinguished from known congeners by dorsal ridge on male genital bulb (Gertsch 1982: fig. 40; Huber
2000: fig. 458); also by the combination of: procursus tip gradually narrowing (Gertsch 1982: fig. 40;
Huber 2000: fig. 459; unlike 7. hesperia and T. sinnombre sp. nov.); main epigynal plate band-like
(Fig. 43A, C; rather than crescent-shaped as in T. manzanillo sp. nov., T. huahua sp. nov., and T.
oaxaca sp. nov.); sacs in female internal genitalia ~18-25 pm long (Fig. 55C; i.e., longer than in T.
oaxaca, shorter than in all other species).

Material examined

Holotype
MEXICO — Jalisco * J; 20 mi N of La Quemada; ~21.18° N, 104.085° W; 28 Jul. 1954; W.J. Gertsch
leg.; AMNH; examined (Huber 2000).

Remark
The information on the label accompanying the holotype deviates slightly from the data published by
Gertsch (1982). This affects not only the date (28 or 24 Jul. 1954) but also the exact type locality,
which is either 20 mi N of La Quemada (i.e., ~21.18° N, 104.085° W) or 29 mi N of La Quemada (i.e.,
~21.23° N, 104.06° W).

New record
MEXICO — Jalisco » 2 © ¢ abdomens; N of La Quemada, ‘site 2°; 21.1922° N, 104.0975° W; 630 m
a.s.l; 7 Oct. 2019; B.A. Huber and A. Valdez-Mondragon leg.; ZFMK Ar 23956 « 6 @ in pure
ethanol; same collection data as for preceding; two abdomens transferred to ZFMK Ar 23956, three
prosomata used for molecular work; ZFMK Mex241.

Description

Female
In general, very similar to congeners (Fig. 36C-D); total body length 1.25; tibia 1 in three females:
0.50, 0.50, 0.53. Epigynum (Fig. 43A-D) very distinct short band-shaped anterior plate slightly
protruding in lateral view; posterior plate wide, median part slightly protruding anteriorly. With
distinct knob between epigynum and pedicel. Internal genitalia (Fig. 43E—G) with pair of strong
transversal sclerites, pair of very small sacs (receptacles?), without (or with very small?) pore plates.

Distribution

Known from type locality and one neighbouring site only, in Mexico, Jalisco (Fig. 35). The exact
coordinates of the type locality are unknown, but the type locality is either within ~2 km from the new
locality or ~6 km NE of the new locality (see Remark above).

Natural history

The newly collected specimens were found in a small forest remnant at the roadside. Few specimens
were found despite of intensive search (>2 hrs); no other pholcid species shared the leaf litter with
Tolteca. The locality was shared with Physocyelus brevicornus Valdez-Mondragon, 2010.

Tolteca manzanillo Huber sp. nov.
urn:lsid:zoobank.org:act:97805AAF-C4EE-4A3E-A | F7-4B980E70005E
Figs 36E-F, 44A-C, 45-46, 55E
Pholcophora hesperia Gertsch, 1982: 102 (only specimens from 12 mi E of Manzanillo; see Remarks
under T. hesperia).
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Diagnosis

Distinguished from known congeners by the combination of: male genital bulb without dorsal ridge
(unlike T. jalisco); procursus tip gradually narrowing (Fig. 44C; unlike T. hesperia and T. sinnombre
sp. nov.); male cheliceral apophyses wide apart (Fig. 44A; distance between tips ~65 pm, i.e., much
wider apart than in 7. huahua sp. nov. and 7. oaxaca sp. nov.), in lateral view with small angle against
distal-frontal face of chelicera (Fig. 44B; unlike 7. hesperia; not checked in T. jalisco); main epigynal
plate crescent-shaped (Fig. 45A, C; rather than band-like as in T. hesperia and T. jalisco); sacs in
female internal genitalia ~40-50 um long (Fig. 55E; i.e., longer than in 7. jalisco and T. oaxaca,
shorter than in 7. sinnombre).

Etymology

The species name is derived from the type locality; noun in apposition.

Type material

Holotype
MEXICO — Colima *+ &; ~17 km E of Manzanillo; 19.0115° N, 104.1382° W; 35 ma.s.l.; 6 Oct. 2019;
B.A. Huber and A. Valdez-Mondragon leg.; LATLAX.

Paratypes
MEXICO — Colima * 7 %; same collection data as for holotype; one male used for SEM; ZFMK Ar

23958 4 42,8 92, 4 juvs; same collection data as for holotype; LATLAX.

Other material examined

MEXICO — Colima « 4 2%, 9 juvs, in pure ethanol; same collection data as for holotype: two
prosomata used for molecular work, two abdomens transferred to ZFMK Ar 23958; ZFMK Mex232 «
1 &'; same collection data as for holotype; partly used for karyotype analyses; ZFMK 23959,

Description

Male (holotype)
Measurements. Total body length 1.10, carapace width 0.45. Distance PME-PME 40 pm; diameter PME
30 pm; distance PME-ALE 20 um; distance AME-AME 10 pm; diameter AME 25 pm. Leg 1: 2.01
(0.55+0.15+0.50 + 0.48 + 0.33), tibia 2: 0.40, tibia 3: 0.37, tibia 4: 0.60; tibia 1 L/d: 7; diameters of
leg femora 0.10, of leg tibiae 0.07.

Colour (in ethanol). Prosoma and legs monochromous ochre-yellow; abdomen slightly darker ochre-
grey, also monochromous.

Body (Fig. 36E). Ocular area barely raised. Carapace without thoracic groove. Clypeus unmodified,
short (clypeus rim to ALE: 120 pum). Sternum wider than long (0.36/0.30), almost round (i.e., not
heart-shaped), with pair of small but distinct anterior processes (~40 um diameter at basis, ~40 um
long) near coxae 1. Abdomen globular; gonopore apparently without epiandrous spigots (Fig. 46G);
ALS with seven spigots each (Fig. 46H).

Chelicerne (Fig. 44A—B). With pair of frontal apophyses pointing downwards; distance between tips of
apophyses 65 um; without stridulatory files (Fig. 46F).

Paips. In general possibly indistinguishable from congeners (cf. Figs 37, 50); coxa unmodified; trochanter
without process; femur proximally without process, distally widened but simple, slightly curved towards
dorsal; femur-patella joints not shifted to one side; tibia very short, with two trichobothria; tibia-tarsus
joints not shifted to one side; procursus very simple (Figs 44C, 46A—B), with distal ventral process;
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Fig. 44. Tolteca spp., male chelicerae, frontal and lateral views, and left male palpal tarsi and procursi,
retrolateral views. A—C. T. manzanillo Huber sp. nov., paratype from Mexico, Colima, E of
Manzanillo (ZFMK Ar 23958). D-F. T. sinnombre Huber sp. nov., holotype from Mexico, Colima, S
of Coquimatlan (LATLAX). G-1. T. huahua Huber sp. nov., paratype from Mexico, Michoacin, W of
Huahua (ZFMK Ar 23957). Scale bars = 0.1 mm.
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genital bulb large, complex (Fig. 46A-B), in light microscope possibly indistinguishable from
congeners (cf. Figs 38D-F, 51D-F).

Legs. Without spines and curved hairs; with slightly increased density of short vertical hairs on tibia 1
(barely visible in dissecting microscope); retrolateral trichobothrium of tibia 1 at 61%; prolateral
trichobothrium absent on tibia 1; tarsus | with four pseudosegments, all fairly distinct.

Fig. 45. Tolteca manzanillo Huber sp. nov., females from Mexico, Colima, E of Manzanillo (ZFMK Ar
23958). A-D. Epigyna, ventral (A, C) and lateral (B, D) views. E-G. Cleared female genitalia, ventral

(E) and dorsal (F) views, and detail of median internal structures (G). Arrows point at anterior epigynal
knob. Asterisk: membranous sac (cf. Fig. 55E). Scale bars: A-D = 0.2 mm; E, F = 0.1 mm; G = 0.05 mm.
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Fig. 46. Tolteca manzanillo Huber sp. nov.; male from Mexico, Colima, 17 km E of Manzanillo
(ZFMK Ar 23958). A. Right palp, retrolateral-distal view. B. Left palp, retrolateral-dorsal view. C-D.
Palpal tarsal organ. E. Tarsal organ on tarsus 2. F. Lateral face of right chelicera, showing absence of
stridulatory file. G. Gonopore. H. ALS. Abbreviations: b = genital bulb; p = procursus. Scale bars: A—
B,F=20um; C-D=2 pym; E= 1 pm; G-H =10 pm.
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Variation (male)
Tibia 1 in six males (incl. holotype): 0.45-0.52 (mean 0.48).

Female
In general, similar to male (Fig. 36F) but sternum without pair of anterior humps. Total body length:
~1.20-1.30; tibia 1 in eight females: 0.43-0.47 (mean 0.45). Epigynum (Fig. 45A-D) short crescent-shaped
anterior plate slightly protruding in lateral view; posterior plate wide, median part slightly protruding
anteriorly. With distinct knob between epigynum and pedicel. Internal genitalia (Fig. 45SE-G) with pair of
strong transversal sclerites, pair of distinct sacs (receptacles?), without (or with very small?) pore plates.

Distribution

Known from type locality and one poorly specified neighbouring locality in Mexico, Colima (Fig. 35).
We do not have exact coordinates for Gertsch’s (1982) specimens from “12 mi. E Manzanillo”, but
that locality is probably within a few km from the type locality.

Natural history

The spiders were very abundant in the dry leaf litter of a low thorn forest covering a hill near the
Laguna of Cuyutlan (Fig. 56B).

Tolteca sinnombre Huber sp. nov.
urn:lsid:zoobank.org:act:51577DD3-55BD-4916-B9C2-E8A52181090C
Figs 36G-H, 44D-F, 47-48

Pholcophora hesperia Gertsch, 1982: 102 (only specimens from 10 mi S of Colima; see Remarks
under 7. hesperia).

Diagnosis

Distinguished from known congeners by the combination of: male genital bulb without dorsal ridge (unlike
T. jalisco); procursus tip abruptly narrowing (Fig. 44F; similar to 7. hesperia, unlike other species); male
cheliceral apophyses wide apart (distance between tips ~75 pm, i.e., much wider apart than in 7. huahua
sp. nov. and 7. oaxaca sp. nov.), in lateral view with small angle against distal-frontal face of chelicera
(Fig. 44E; unlike T. hesperia; not checked in T. jalisco); main epigynal plate very short, band-shaped,
densely set with short hairs (Fig. 48A-B); without knob between epigynum and pedicel (Fig 47A, C);
female internal genitalia with pair of very long sacs (85 pm) (Figs 48D, 55F).

Etymology
The species name is derived from the type locality; noun in apposition.

Type material

Holotype
MEXICO — Colima * 7; ~6 km S of Coquimatlan, near ‘Cueva sin Nombre’; 19.1521° N, 103.8350°
W; 280 m a.s.l., 6 Oct. 2019; B.A. Huber and A. Valdez-Mondragén leg.; LATLAX.

Other material examined

MEXICO — Colima + 2 9§ abdomens; same collection data as for holotype; ZFMK Ar 23960+ 2 ¢
and 2 female prosomata (abdomens transferred to ZFMK Ar 23960), in pure ethanol; same collection
data as for holotype; ZFMK Mex237.

Description

Male (holotype)
Measurements. Total body length 1.25, carapace width 0.56. Distance PME-PME 45 pum; diameter
PME 45 um; distance PME-ALE 20 um; distance AME-AME 15 pm; diameter AME 30 um. Leg 1:
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2.26 (0.63 + 0.17 + 0.58 + 0.55 + 0.33), tibia 2: 0.47, tibia 3: 0.43, tibia 4: 0.72; tibia 1 L/d: 7;
diameters of leg femora 0.130-0.135, of leg tibiae 0.08.

Colour (in ethanol). Prosoma and legs monochromous ochre-yellow, only carapace with slightly darker
median line widening anteriorly; abdomen slightly darker ochre-grey, with some indistinct darker
marks dorsally.

Body (Fig. 36G). Ocular area barely raised. Carapace without thoracic groove. Clypeus unmodified but
with sclerotized rim, short (clypeus rim to ALE: 170 pm). Sternum wider than long (0.40/0.36),
almost round (i.e., not heart-shaped), with pair of small but distinct anterior processes (~80 um
diameter at basis, ~80 pm long) near coxae 1. Abdomen globular.

Chelicerae (Fig. 44D-E). With pair of frontal apophyses pointing downwards; distance between tips of
apophyses 75 pm; without stridulatory files.

Paips. In general possibly indistinguishable from congeners (cf. Figs 37, 50) but patella ventrally apparently
longer than in other species; coxa unmodified; trochanter without process; femur proximally without
process, distally widened but simple, slightly curved towards dorsal; femur-patella joints very

Fig. 47. Tolteca sinnombre Huber sp. nov., females from Mexico, Colima, S of Coquimatlan (ZFMK
Ar 23940), epigyna. A, C. Ventral views. B, D. Lateral views. Abbreviations: ep = epigynum (main
epigynal plate); pep = posterior epigynal plate. Scale bar = 0.2 mm (all at same scale).
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slightly shifted toward prolateral side; tibia very short, with two trichobothria; tibia-tarsus joints not
shifted to one side; procursus very simple (Fig. 44F), with distal ventral process; genital bulb large,
complex, in light microscope possibly indistinguishable from congeners (cf. Figs 38D-F, 51D-F).

Legs. Without spines and curved hairs; with slightly increased density of short vertical hairs on tibia 1
(barely visible in dissecting microscope); retrolateral trichobothrium of tibia 1 at 63%; prolateral
trichobothrium absent on tibia 1; tarsus 1 with five pseudosegments, all fairly distinct.

Female
In general, similar to male (Fig. 36H) but sternum without pair of anterior humps. Total body length:
~1.20-1.30; tibia 1 in four females: 0.48, 0.50, 0.53, 0.58. Epigynum (Fig. 47) with very short band-shaped
anterior plate densely set with short hairs; posterior plate wide, median part distinctly protruding anteriorly.
Without knob between epigynum and pedicel. Internal genitalia (Fig. 48) with pair of strong transversal
sclerites, pair of distinct sacs (receptacles?), without (or with very small?) pore plates.

Distribution
Known from type locality and one poorly specified neighbouring locality in Mexico, Colima (Fig. 35).

We do not have exact coordinates for Gertsch’s (1982) specimens from “10 mi. S Colima”, but that
locality is probably within 10 km from the type locality.

Fig. 48. Tolteca sinnombre Huber sp. nov., female from Mexico, Colima, S of Coquimatlan (ZFMK
Ar 23960), cleared female genitalia. A. Ventral view. B. Dorsal view. C—D . Detail of median internal
structures. Arrows point at membranous sacs (cf. Fig. 55F). Scale bars = 0.1 mm.
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Natural history
The specimens were collected in a low forest in a sink below the ‘Cueva sin Nombre” cave. The leaf
litter was partly humid and was shared with two other small pholcids (Anopsicus sp., Modisimus sp.).

Tolteca huahua Huber sp. nov.
urn:lsid:zoobank.org:act:DE7A2222-3EA8-49E2-8BA1-FEBC61571376
Figs 361-J, 44G-1, 49, 55D

Diagnosis

Distinguished from known congeners by the combination of: male genital bulb without dorsal ridge
(unlike T. jalisco); procursus tip gradually narrowing (Fig. 441; unlike T. hesperia and T. sinnombre
sp. nov.); male cheliceral apophyses close together (Fig. 44G; distance between tips ~40 pm, similar
to T. oaxaca sp. nov.), in lateral view with small angle against distal-frontal face of chelicera (Fig.
44H; unlike T. hesperia; not checked in T. jalisco); main epigynal plate crescent-shaped (Fig. 49A, C;
rather than band-like as in T. hesperia and T. jalisco); sacs in female internal genitalia ~40-50 pm
long (Figs 49G, 55D; i.e., longer than in T. jalisco and T. eaxaca, shorter than in T. sinnombre).

Etymology

The species name is derived from the type locality; noun in apposition.

Type material

Holotype
MEXICO — Michoacan » &; ~20 km W of Huahua; 18.2346° N, 103.2020°W; 205 m a.s.l.; 5 Oct.
2019; B.A. Huber and A. Valdez-Mondragon leg.; LATLAX.

Paratypes
MEXICO — Michoacin * 1 &'; same collection data as for holotype; ZFMK Ar 23957 «3 4,999, 2

juvs; same collection data as for holotype; LATLAX.

Other material examined

MEXICO — Michoacan * 3 @9, 2 ¢ prosomata (abdomens transferred to ZFMK Ar 23957), 5 juvs,
in pure ethanol; same collection data as for holotype; ZFMK Mex231 « 1 ¢, 2 juvs, in pure ethanol; ~4
km W of Huahua; 18.1972° N, 103.0449° W; 40 m a.s.l.; 5 Oct. 2019; B.A. Huber and A. Valdez-
Mondragén leg.; ZFMK Mex229.

Description

Male (holotype)
Measurements. Total body length 1.10, carapace width 0.46. Distance PME-PME 40 pm; diameter PME
40 pm; distance PME-ALE 20 um; distance AME-AME 10 um; diameter AME 25 pm. Leg 1: 1.89
(0.50 +0.17 + 0.47 + 0.47 + 0.28), tibia 2: 0.37, tibia 3: 0.35, tibia 4: 0.60; tibia 1 L/d: 7; diameters of
leg femora 0.10, of leg tibiae 0.07.

Colour (in ethanol). Prosoma and legs monochromous ochre-yellow; abdomen slightly darker ochre-
grey, with very indistinct large dorsal marks.

Body ( Fig. 361). Ocular area barely raised. Carapace without thoracic groove (very low indentation
visible in frontal view only). Clypeus unmodified, short (clypeus rim to ALE 150 pm). Sternum wider
than long (0.34/0.26), with pair of small but distinct anterior processes (~50 pm diameter at basis, ~50
pm long) near coxae 1. Abdomen globular.
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Fig. 49. Tolteca huahua Huber sp. nov., females from Mexico, Michoacdan, W of Huahua (ZFMK Ar
23957). A-D. Epigyna, ventral (A, C) and lateral (B, D) views. E-G. Cleared female genitalia, ventral
(E) and dorsal (F) views, and detail of median internal structures (G). Arrows point at knob-shaped
structure. Asterisk: membranous sac (cf. Fig. 55D). Abbreviation: gp = genital plug. Scale bars: A—D
=0.2 mm; E-F = 0.1 mm; G = 0.05 mm.
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Chelicerae (Fig. 44G—H). With pair of frontal apophyses pointing downwards, distance between tips:
50 um; without stridulatory files.

Paips. In general possibly indistinguishable from congeners (cf. Figs 37, 50); coxa unmodified;
trochanter without process; femur proximally without process, distally widened but simple, slightly
curved towards dorsal; femur-patella joints very slightly shifted toward prolateral side; tibia very
short, with two trichobothria; tibia-tarsus joints not shifted to one side; procursus very simple (Fig.
441), with distal ventral process; genital bulb large, complex, in light microscope possibly
indistinguishable from congeners (cf. Figs 38D-F, 51D-F).

Legs. Without spines and curved hairs; with slightly increased density of short vertical hairs on tibia 1
(barely visible in dissecting microscope); retrolateral trichobothrium of tibia 1 at 63%; prolateral
trichobothrium absent on tibia |; tarsus 1 with four pseudosegments, all fairly distinct.

Variation (male)
Tibia 1 in five males (incl. holotype): 0.47-0.55 (mean 0.50).

Female
In general, similar to male (Fig. 36]) but sternum without pair of anterior humps; tibia 1 not with
increased density of short vertical hairs. Total body length: ~1.20; tibia 1 in 12 females: 0.43-0.51
(mean 0.47). Epigynum (Fig. 49A-D) with short crescent-shaped anterior plate slightly protruding in
lateral view; posterior plate wide, median part slightly protruding anteriorly. With distinct knob
between epigynum and pedicel. Internal genitalia (Fig. 49E-G) with pair of strong transversal
sclerites, pair of distinct sacs (receptacles?), without (or with very small?) pore plates.

Distribution

Known from two neighbouring localities in Mexico, Michoacén (Fig. 35).

Natural history

At the type locality, a low roadside forest, Tolteca was only found in rather dry leaf litter, while more
humid litter contained different species of Pholcidae (Modisimus sp.; Anopsicus sp.; Physocyclus
lautus Gertsch, 1971). At the second locality, Tolteca was only found in the dry leaf litter of a sun-
exposed part of the forest. In the leaf litter of the neighbouring, more humid part of the forest, four
other species of Pholcidae were found (Anopsicus sp.; Modisimus spp.).

Tolteca oaxaca Huber sp. nov.
urn:lsid:zoobank.org:act:85F8D1C1-9EC5-407C-A507-90D0270F 18A9
Figs 36K-L, 50-54, 55G-H

Pholcophora hesperia Gertsch, 1982: 102 (specimens from Oaxaca only; see Remarks under 7. hesperia).

Tolteca hesperia — Huber 2000: 118 (part; see Remarks under 7. hesperia), figs 75, 126, 448-453,
455457 (not fig. 454).

Diagnosis

Distinguished from known congeners by the combination of: male genital bulb without dorsal ridge (unlike
T. jalisco); procursus tip gradually narrowing (Fig. 51C; unlike T. hesperia and T. sinnombre sp. nov.);
male cheliceral apophyses close together (Fig. 51A; distance between tips ~40 pm, i.e., closer together than
in 7. manzanillo sp. nov. and T. sinnombre), in lateral view very small and with small angle against distal-
frontal face of chelicera (Fig. 51B; unlike T. hesperia; not checked in T. jalisco); main
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epigynal plate crescent-shaped (Fig. 52A, C; rather than band-like as in 7. hesperia and T. jalisco); sacs in
female internal genitalia tiny, only ~9—13 pm long (Fig. 55G-H; smaller than in all known congeners).

Etymology
The species name is derived from the type locality; noun in apposition.

Type material

Holotype
MEXICO — Qaxaca * J; ~3 km N of San Pedro Totolapa; 16.6976° N, 96.3180° W; 1100 m a.s.l.; 26

Oct. 2019; B.A. Huber and A. Valdez-Mondragon leg.; LATLAX.

Paratypes
MEXICO — Oaxaca = 4 'J; same collection data as for holotype; ZFMK Ar 23961.

Other material examined

MEXICO — Qaxaca » 19 £2, in pure ethanol; same collection data as for holotype; four prosomata used
for molecular work, two females used for SEM, two cleared abdomens transferred to ZFMK Ar 23961;
ZFMK Mex362 « 3 ; same collection data as for holotype; partly used for karyotype analyses; ZFMK
23962 + 3 44, 3 99; same collection data as for holotype; partly used for p-CT study; ZFMK 23963

«2 44,2 99 abdomens; ~17 km NW of Tehuantepec; 16.3919° N, 95.3865° W; 165 m a.s.l.; 27 Oct.
2019; B.A. Huber and A. Valdez-Mondragon leg.; ZFMK Ar 23964 « 4 9, 4 juvs, in pure ethanol; same
collection data as for preceding; two female abdomens transferred to ZFMK Ar 23964; ZFMK Mex368

+ 2 A, same collection data as for preceding; partly used for karyotype analyses; ZFMK 23965 = 2 4,

3 29: same collection data as for preceding; partly used for p-CT study; ZFMK 23966 « 2 &4, 11 29,

2 juvs (subadult males); same collection data as for preceding; LATLAX.

Fig. 50. Tolteca oaxaca Huber sp. nov., male paratype from Mexico, Oaxaca, N of San Pedro
Totolapa (ZFMK Ar 23961). Left palp, prolateral, dorsal, and retrolateral views. Scale bar = 0.2 mm.
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Description

Male (holotype)
Measurements. Total body length 1.13, carapace width 0.47. Distance PME-PME 45 pm; diameter PME
45 pm; distance PME-ALE 15 pm; distance AME-AME 10 pm; diameter AME 30 pm. Leg 1: 2.07
(0.55+0.17 +0.52 + 0.53 + 0.30), tibia 2: 0.42, tibia 3: 0.38, tibia 4: 0.65; tibia 1 L/d: 9; diameters of
leg femora 0.11, of leg tibiae 0.06.

Colour (in ethanol). Prosoma and legs monochromous ochre-yellow; abdomen slightly darker ochre-
grey, also monochromous.

Fig. 51. Tolteca oaxaca Huber sp. nov., male paratype from Mexico, Oaxaca, N of San Pedro Totolapa
(ZFMK Ar 23961). A-B. Chelicerae, frontal and lateral views. C. Left palpal tarsus and procursus,
retrolateral view. D-F. Left genital bulb, prolateral, dorsal, and retrolateral views. Scale bars = 0.1 mm.
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Body (Fig. 36K). Ocular area barely raised. Carapace without thoracic groove. Clypeus unmodified,
short (clypeus rim to ALE: 130 pum). Sternum wider than long (0.35/0.30), almost round (i.e., not
heart-shaped), with pair of small but distinct anterior processes (~50 um diameter at basis, ~50 pm
long) near coxae 1. Abdomen globular.

Chelicerae (Fig. 51A-B). With pair of frontal apophyses pointing downwards, distance between tips of
apophyses: 50 pm; without stridulatory files.

Paips ( Fig. 50). Coxa unmodified; trochanter without process; femur proximally without process,
distally widened but simple, slightly curved towards dorsal; femur-patella joints not (or barely) shifted
to one side; tibia very short, with two trichobothria; tibia-tarsus joints not shifted to one side;
procursus very simple (Fig. 51C), with distal ventral process; genital bulb as in Fig. 5ID-F, in light
microscope possibly indistinguishable from congeners.

Legs. Without spines and curved hairs; with slightly increased density of short vertical hairs on tibia 1
(barely visible in dissecting microscope); retrolateral trichobothrium of tibia 1 at 59%; prolateral
trichobothrium absent on tibia 1; tarsus 1 with six pseudosegments, all fairly distinct.

Fig. 52. Tolteca oaxaca Huber sp. nov., females from Mexico, Oaxaca, N of San Pedro Totolapa
(ZFMK Ar 23961), epigyna. A, C. Ventral views. B, D. Lateral views. Arrows: knob-shaped structure.
Scale bar = 0.2 mm (all at same scale).
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Variation (male)
Tibia 1 in seven newly collected males (incl. holotype): 0.48-0.58 (mean 0.53).

Female
In general, similar to male (Fig. 36L) but sternum without pair of anterior humps, tibia 1 without
increased density of short vertical hairs. Total body length: ~1.20; tibia 1 in 21 newly collected
females: 0.47-0.56 (mean 0.51). Epigynum (Figs 52, 54A) short crescent-shaped anterior plate
slightly protruding in lateral view: posterior plate short and wide, very indistinct, barely visible. With
distinct knob between epigynum and pedicel (Fig. 54B). Internal genitalia (Fig. 53) with pair of strong
transversal sclerites, with very short sacs (Fig. 55G-H), without (or with very small?) pore plates.

Fig. 53. Tolteca oaxaca Huber sp. nov., females from Mexico, Oaxaca, N of San Pedro Totolapa
(ZFMK Ar 23961). A-B, D-E. Cleared female genitalia, ventral (A, D) and dorsal (B, E) views. C, F.
Detail of median internal structures. Scale bars: A-B, D-E = 0.1 mm; C, F = 0.05 mm.
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Fig. 54. Tolteca oaxaca Huber sp. nov., female from Mexico, Oaxaca, 3 km N of San Pedro Totolapa
(ZFMK Mex362). A. Epigynum, ventral view (arrow: knob-shaped structure). B. Knob-shaped structure
between epigynum and pedicel. C. ALS and PMS. D. Prolateral trichobothrium on tibia 3. E. Palpal tarsal
organ. F. Tarsal organ on tarsus 2. G. Tip of left tarsus 2, retrolateral view. H. Tip of right tarsus 4,
prolateral view, showing comb hair (arrow). Abbreviations: ep = epigynum (main epigynal plate); pep =
posterior epigynal plate. Scale bars: A = 100 pm; B-D, G-H = 10 pm; E-F =2 pm.
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Distribution

Apparently widely distributed in the state of Oaxaca, Mexico (Fig. 35). We have not restudied
Gertsch’s (1982) and Huber’s (2000) specimens but consider all their records of Pholcophora/Tolteca
hesperia from Oaxaca to represent this species.

Natural history

At the type locality, a dry hill with a sparse and low tree cover (Fig. 56C), the spiders were found in
high densities in the thin layer of leaf litter and among small pebbles on the ground (Fig. 56D). Within
~1.5 h, ~30 individuals were seen within an area of ~4 mz. In slightly more humid (shaded) areas on
the same hill, two other species of Pholcidae were found (Modisimus sp.; Physocyclus paredesi
Valdez-Mondragon, 2010). At the second locality, a slightly higher and denser roadside forest, Tolteca
was also collected at a rather dry spot with a thin layer of leaf litter, while more humid areas contained
other Pholcidae genera (Modisimus sp.; Physocyclus paredesi; Anopsicus sp.; Psilochorus sp.).

Fig. 55. Tolteca Huber, 2000 internal female genitalia, median section of main transversal internal
sclerite. A-B. 7. hesperia (Gertsch, 1982); females from Mexico, Sinaloa, S of Rosario (ZFMK

Ar 23953). C. T. jalisco (Gertsch, 1982), female from Mexico, Jalisco, N of La Quemada (ZFMK

Ar 23956). D. T. huahua Huber sp. nov., female from Mexico, Michoacan, W of Huahua (ZFMK Ar
23957). E. T. manzanillo Huber sp. nov., female from Mexico, Colima, E of Manzanillo (ZFMK Ar
23958). F. T. sinnombre Huber sp. nov., female from Mexico, Colima, S of Coquimatlan (ZFMK Ar
23960). G-H. T. eaxaca Huber sp. nov., females from Mexico, Oaxaca, N of San Pedro Totolapa

(ZFMK Ar 23961). Scale bar = 0.1 mm.
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Fig. 56. Representative sample of habitats of Tolteca Huber, 2000 in Mexico. A. Sinaloa, 3 km S of
Rosario (7. hesperia (Gertsch, 1982)). B. Colima, 17 km E of Manzanillo (type locality of T.
manzanillo Huber sp. nov.; showing collection method). C-D. Oaxaca, 3 km N of San Pedro Totolapa
(type locality of P. oaxaca Huber sp. nov.; overview and spot with high abundance of specimens).

Karyology

The male karyotype of T. hesperia consisted of 15 chromosomes including a X;X2Y system. Chromosome
pairs were metacentric. The last two chromosome pairs were much shorter than the first four pairs. X
chromosomes were probably metacentric. The Y chromosome was a tiny element (3.35% of TCL); its
morphology was not resolved (Fig. 57A). The male set of 7. oaxaca sp. nov. comprised five chromosome
pairs and a X1X2Y system, i.e., 13 chromosomes. The haploid karyotype consisted of five chromosomes
(each representing a particular chromosome pair), which decreased gradually in size, and the sex
chromosomes X1, X2, and Y. All chromosomes were metacentric except for the chromosome representing
the third pair, which was submetacentric. The Y chromosome was a tiny element (4.33% of TCL) (Fig.
57B). Three chromosome pairs contained a NOR (Fig. 58). In some plates, the sex chromosome body also
included a signal, which suggests the presence of a sex chromosome-linked NOR (Fig. 58B). However, we
were not able to determine which sex chromosome carried a NOR.

Sex chromosomes did not differ by behaviour or intensity of staining from the other chromosomes at
spermatogonial prometaphase (Fig. 57C). They formed an overcondensed body on the periphery of the
premeiotic nucleus, which exhibited positive heteropycnosis (i.e., more intensive staining than the
other chromosomes) (Fig. 57D). Bivalents were considerably decondensed during the diffuse stage.
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Fig. 57. Tolteca Huber, 2000, karyotypes and sex chromosome behaviour in male germline; stained by
Giemsa. A. T. hesperia (Gertsch, 1982), diploid karyotype (2nd = 15, X1X2Y), based on two fused sister
prometaphases II. X chromosomes are probably metacentric, morphology of Y chromosome is unresolved.
Note positive heteropycnosis of X chromosomes. B-G. T. oaxaca Huber sp. nov. B. Haploid karyotype
(nd = 8, XiX2Y), based on metaphase II. Note positive heteropycnosis of X chromosomes. C.
Spermatogonial prometaphase. Note metacentric morphology of tiny Y chromosome. D. Premeiotic
interphase. Sex chromosomes form an overcondensed body on the periphery of the nucleus. E. Late diffuse
stage. Sex chromosomes are positively heteropycnotic; bivalents are considerably decondensed. F.
Diplotene. Note five bivalents and sex chromosome body exhibiting a positive heteropycnosis. G.
Metaphase I containing five bivalents and sex chromosome body. H. 7. hesperia, metaphase 1I consisting
of seven chromosomes. Note tiny Y chromosome. Abbreviations: SCB = sex chromosome body; X = X
chromosome; X2 = X2 chromosome; Y =Y chromosome. Scale bars= 10 pm.
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Fig. 58. Tolteca oaxaca Huber sp. nov., male meiosis, detection of NORs (FISH). Metaphase I
comprising five bivalents and sex chromosome body; three bivalents contain NORs. A. Sex
chromosome body without visible signal. B. Sex chromosome body includes signal. Individual
elements separated by dashed line. Abbreviations: b = NOR bearing bivalent; SCB = sex chromosome
body. Scale bars = 10 pm.

In contrast to this, sex chromosomes formed a highly condensed body during this stage (Fig. 57E).
This body persisted until metaphase I (Fig. 57G), which impeded the determination of the mode of sex
chromosome pairing during late prophase I (i.e., diplotene and diakinesis) and metaphase 1. Bivalents
contained a single chiasma only (Fig. 57F). X chromosomes were associated at metaphase II being
positively heteropycnotic (Fig. 57A-B).

Biogeography

The environmental niche occupied by non-Caribbean (‘true’) Pholcophora is more similar to the niche
occupied by Telfeca than to randomly generated niches (p = 0.010; Table 2; Fig. 59A; Supp. file 1: Fig.
S54), and vice-versa (p = 0.010; Table 2; Supp. file I: Fig. S69). The equivalency tests between the niches
occupied by non-Caribbean Pholcophora and Tolteca revealed that their niche overlap is constant when
randomly reallocating the occurrences of both groups between their ranges (p = 0.015; Table 2; Fig. 59B).
These groups also exhibited a relatively high niche overlap (D = 0.40; Table 2; Fig. 59D).

The niche similarity tests were also significant between non-Caribbean Pholcophora and (1) the
Caribbean clade (p = 0.010; Table 2; Supp. file 1: Figs S51, S63), (2) Mexican Pholcophora (p =
0.049; Table 2; Supp. file 1: Figs $52, S67), and (3) Papiamenta (p = 0.010; Table 2; Supp. file 1:
Figs S53, S63). Besides, the niches occupied by the Caribbean clade and Papiamenta were
significantly more similar than expected by chance (p = 0.010; Table 2; Supp. file 1: Figs S46, S61).

The niche overlap between Pholcophora americana and any other group was extremely low (Table 2),
even when compared with congeneric but disjunct taxa, such as “Mexican Pholcophora™ (i.e., Mexican
species of Pholcophora incl. P. texana; D = 0.00). As expected (see Material and methods), the niche of the
Caribbean clade (i.e., Papiamenta spp. and Caribbean ‘Pholcophora’) showed a large overlap with the
niche of Papiamenta (D = 0.59; Supp. file 1: Fig. S16). The niche overlap between the Caribbean
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clade and both the non-Caribbean Pholcophora (D = 0.21; Supp. file 1: Fig. S21) and Mexican
Pholcophora (D = 0.11; Supp. file 1: Fig. S18) is higher than the overlap between the Caribbean clade
and P. americana (D = 0.00; Supp. file 1: Fig. $25) and Tolteca (D = 0.06; Supp. file 1: Fig. S17).

The altitudinal range differed among the compared groups (d.f. = 131, resid. def. = 46268, p = 0.000;
Fig. 61). Taxa from the Caribbean clade were recorded from sea level up to ~70 m a.s.l., presenting
the lowest altitudinal range (mean 25 m a.s.l.). They were followed by Tolfeca (sea level to 1540 m
a.s.l.; mean 286 m a.s.l.). The highest altitudinal range was observed for Pholcophora (30 to > 3000 m
a.s.l; mean 970 m a.s.l.), without statistically significant differences between P. americana and
Mexican Pholcophora (Fig. 61).
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Fig. 59. Environmental niche comparisons between non-Caribbean (‘true’) Pholcophora Banks, 1896
and Tolteca Huber, 2000. Red lines in similarity and equivalency graphs indicate the observed niche
overlap (D-metric), while grey bars show the distribution of the D-metric for 100 simulated
comparisons. Note that the similarity and equivalency of the environmental niche between non-
Caribbean Pholcophora and Tolteca was higher than randomly expected. The distribution of
Pholcophora includes areas with high temperature annual range (bio7 in C) and seasonality (bio4 in
C) not occupied by Tolteca. The two taxa exhibit a relatively high niche overlap (D = 0.40; bluish area
in D). Climatic variables in the PCA: biol = annual mean temperature; bio2 = mean diurnal range;
bio3 = isothermality; bio4 = temperature seasonality; bio5 = max temperature of warmest month; bio6
= min temperature of coldest month; bio7 = temperature annual range; bio8 = mean temperature of
wettest quarter; bio9 = mean temperature of driest quarter; biol0 = mean temperature of warmest
quarter; bioll = mean temperature of coldest quarter; biol2 = annual precipitation; biol3 =
precipitation of wettest month; biol4 = precipitation of driest month; biol5 = precipitation
seasonality; biol6 = precipitation of wettest quarter; biol7 = precipitation of driest quarter; biol8 =
precipitation of warmest quarter; bio19 = precipitation of coldest quarter.
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Discussion

Morphology

Both in Pholcophora and in Toelteca, males but not females have short vertical hairs in higher than
usual density on some or all of their leg tibiae (e.g., Fig. 42A-B). Our SEM data show that these hairs
are structurally very different from the ‘usual’ short vertical hairs found on the legs (mainly the distal
segments) of males and females of all pholcid spiders: they are simple without branches and
apparently without an opening at the tip (Fig. 42C), while the ‘usual’ short vertical hairs have several
short side branches and an opening at the tip (Fig. 42D-E). These latter hairs are very likely
chemoreceptors (Foelix & Chu-Wang 1973). In the recent taxonomic literature on Pholcidae,
numerous descriptions refer to “short vertical hairs” without discriminating between the “usual’ hairs
found in males and females and the sexually dimorphic hairs found in males only (e.g., Lee er al
2021; Yao et al. 2021; Zhu & Li 2021). In at least some of the treated taxa (e.g., Pholcus Walckenaer,
1805) sexually dimorphic vertical hairs are not known to exist, and the descriptions thus probably
refer to the trivial presence of the ubiquitous chemoreceptors.
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Fig. 60. Environmental niche comparisons between non-Caribbean (‘true’) Pholcophora Banks, 1896
and the Caribbean clade. Red lines in equivalency and similarity graphs indicate the observed niche
overlap (D-metric), while grey bars show the distribution of the D-metric for 100 simulated
comparisons, Note that the similarity of the environmental niche between non-Caribbean Pholcophora
and the Caribbean clade was higher than randomly expected, while the equivalency was not (i.e., the
niche is similar, but not identical). The distribution of the Caribbean clade is related to warmer
conditions (bio5, bio8, and biol0 in C), while the distribution of non-Caribbean Pholcophora is more
related to temperature annual range (bio7 in C) and seasonality (bio4 in C). A relatively low niche
overlap is observed (D = 0.209; bluish area in D). Climatic variables in the PCA as in Fig. 59.
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The function of the sexually dimorphic hairs remains a mystery. In Pholcidae, such hairs have apparently
evolved several times convergently, in at least three subfamilies (Huber 2021). In Ninetinae, they have
been reported for /botyporanga Mello-Leitdo, 1944; Papiamenta Huber, 2000; and Nerudia Huber, 2000
(Huber 2000; Huber & Villarreal 2020; Huber et al. 2023), and they also occur in Guaranita Huber, 2000
and in Galapa Huber, 2000 (B.A. Huber unpubl. data). In other Ninetinae genera they may have been
overlooked due to their size (~2 pm diameter at the basis, ~20-30 pm long).

Relationships

Qur molecular data support the idea that a northern clade of Ninetinae (North America and Caribbean
taxa) is nested within South American Ninetinae (cf. Huber er a/. 2018). The monophyly of this
northern clade suggests that cleistospermia have evolved at least twice in Pholcidae: once in the
ancestor of Pholcophora and Tolteca (Dederichs et al. 2022), and once in all Pholcidae except
Ninetinae. The sperm transfer form of Papiamenta is unknown but our results generate the prediction
that Papiamenta males also transfer cleistospermia.

Within the northern clade, we found high support for the Mexican genus Tolteca, for a core-group of non-
Caribbean (true) Pholcophora, and for a Caribbean clade consisting of Papiamenta, ‘Pholcophora’
bahama, and some undescribed species tentatively placed in Pholcophora. All these extant Caribbean
‘Pholcophora’ are known from females only. We thus prefer to keep them as “Pholcophora?” until males
become available. We expect that the study of males will facilitate a decision as to whether they should be
(1) described in one or more new genera, (2) assigned to Papiamenta, or (3) if Papiamenta should be
synonymized with Pholcophora. In this context, the three Dominican amber fossil species currently placed
in Pholcophora should also be restudied. They are known from males only, and the original drawings
suggest that they partly resemble Pholcophora (long procursus), and partly Papiamenta (genital
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Fig. 61. Known altitudinal variation for records of the Caribbean clade, Mexican Pholcophora Banks,
1896, P. americana Banks, 1896, and Tolfeca Huber, 2000. Highest altitudinal record for each group
is detailed. Letters indicate statistically significant groups (p = 0.000). Note that the altitudinal range is
significantly lower for the Caribbean clade, intermediate for Telteca, and higher for both Pholcophora
groups. Note that the two outliers for P. americana result from rough estimates of the coordinates; the
actual collecting sites may have been lower.

79

315



European Journal of Taxonomy 880: 1-89 (2023)

bulb with distinct sclerite). We predict that extant Caribbean (Greater Antilles, Bahamas)
‘Pholcophora’ males will most closely resemble these Dominican amber fossil species.

Karyology

The karyotypes of Pholcophora (Avila-Herrera et al. 2021) and Tolteca (this study) are formed by
biarmed (i.e., metacentric and submetacentric) chromosomes. The prophase of the first meiotic
division of males contains the so-called diffuse division, which is characterized by considerable
decondensation of chromosome pairs (Avila Herrera et al. 2021; this study). These features are
probably ancestral for haplogyne spiders, i.e., for a clade formed by Synspermiata Michalik &
Ramirez, 2014 and two cribellate families, Filistatidae Ausserer, 1867 and Hypochilidae Marx, 1888
(Avila Herrera et al. 2021). The behaviour of sex chromosomes during male meiosis is similar to other
pholcids examined except for the persistence of the sex chromosome body until metaphase I in
Tolteca. In other pholcids studied, this behaviour was found only in the distantly related Cantikus
sabah (Huber, 2011) (Avila Herrera et al. 2021). The number of NOR bearing chromosome pairs in 7.
oaxaca sp. nov. (three) is close to the supposed ancestral pattern of ninetines (two NOR bearing
chromosome pairs) (Avila Herrera et al. 2021). Furthermore, this species probably displays a sex
chromosome-linked NOR. Nucleolus organizer regions often spread to sex chromosomes during the
evolution of haplogynes, including pholcids (Kral et al. 2006; Avila Herrera er al. 2021).

The karyotype of Pholcophora americana (2nd = 29, X1X2Y) is close to the supposed ancestral
karyotype of pholcid spiders (Avila Herrera er al. 2021). Like in many other spider groups (e.g.,
Suzuki 1954; Kofinkova & Kral 2013; Kral et al. 2013), the number of chromosome pairs decreased
during the evolution of many pholcid lineages (Avila Herrera et al. 2021) including ninetines (Huber
et al. 2023; this study). In 7olteca, the number of chromosome pairs has been reduced considerably,
namely to six (7. hesperia) or even five (T. oavaca sp. nov.) (this study). There are only a few other
araneomorph spiders with standard chromosome structure that exhibit lower numbers of chromosome
pairs than 7. eaxaca, namely representatives of the genus Micropholcus Deeleman-Reinhold &
Prinsen, 1987 (Pholcinae) (Lomazi et al. 2018; Avila Herrera et al. 2021) and Uloborus danolius
Tikader, 1969 (Uloboridae) (Parida & Sharma 1987).

Closely related genera of pholcids do usually not differ considerably in the number of chromosome pairs. A
notable exception is a clade in Pholcinae including the genera Cantikus Huber, 2018; Leptopholcus Simon,
1893; Micropholcus Deeleman-Reinhold & Prinsen, 1987; Pehrforsskalia Deeleman-Reinhold & van
Harten, 2001; and Pholcus Walckenaer, 1805; in this clade, the number of pairs decreased from eleven
(Pholcus) to four (Micropholcus) (Avila Herrera et al. 2021). The clade formed by the genera Pholcophora
(13) and Tolteca (5-6) seems to be another case of considerable reduction of the number of chromosome
pairs among closely related pholcids. Despite the molecular support for the close relationship between
Pholcophora and Tolteca, the considerable difference in the number of chromosome pairs in the two
genera motivates us to speculate about a possible alternative. Such an alternative phylogenetic placement of
Tolteca is suggested by the presence of a sex chromosome-linked NOR in Tolteca but not in Pholcophora.
Among ninetines, this marker was also found in the genera Gertschiola Brignoli, 1981, Kambiwa Huber,
2000, and Nerudia Huber, 2000, which may form

aseparate clade being characterised by complex sex chromosome systems (X;X2X3Y and
X1X2X3X4Y) and sex chromosome-linked NOR (Huber ef al. 2023). These systems arose from
X1X2Y, which is most probably the ancestral sex chromosome system of haplogynes (Paula-Neto et
al. 2017; Avila Herrera et al. 2021). Provided that the sex chromosome-linked NOR has originated
already in the X;X>Y system of ninetines, Tolteca could be a basal member of the clade containing
Gertschiola, Kambiwa, and Nerudia.
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The two analysed species of Tolteca differ in several karyotype features, which indicates a
considerable karyotype differentiation within the genus despite very little morphological
differentiation. First, the karyotype of 7. hesperia contains one chromosome pair more than the
karyotype of T. oaxaca sp. nov., which suggests a reduction of the number of chromosome pairs by
fusion in the latter species. While the chromosome pairs of 7. oaxaca decrease gradually in length, the
last two pairs of 7. hesperia are much smaller than the other pairs. Moreover, one pair of T. oaxaca
has a submetacentric morphology. These differences suggest operation of additional rearrangements,
namely inversions and translocations. Such changes frequently took part in the karyotype evolution of
pholcids (Avila Herrera et al. 2021: Kral et al. 2022). They might be involved in the formation of
interspecific reproductive barriers (e.g., Rieseberg 2001; Ayala & Coluzzi 2005).

Biogeographic analyses

The niche overlap, similarity, and equivalence used in the present study are frequently applied to
describe these parameters for native and invaded localities of introduced species (e.g., Broennimann et
al. 2007). For spiders, these analyses were recently used to show that the non-native American
populations of the orb-weaver spider Cyvrtophora citricola (Forsskil, 1775) occupy climatic conditions
with a higher similarity to those in southern Africa than to those in the Mediterranean (Segura-
Hernandez et al. 2022). These analyses thus favoured the hypothesis of an African origin of the
American populations of C. citricola (Segura-Hernandez ef al. 2022). To date, there is no evidence for
human-mediated dispersal in any species of Pholcophora, Tolteca, and Papiamenta. However, the
wide geographic distribution of P. americana, covering much of the western USA and ranging into
Canada (Fig. 2), raises questions about the dispersal strategies of this species. Pholcophora americana
is likely to be the most widespread Ninetinae species in the World (Huber et al. 2023: Table S4). The
results shown in the present study suggest that P. americana occupies a very distinct environmental
niche compared to related taxa (see Table 2 and Supp. file 1). Further studies should address the
phylogeography and genetic diversity of P. americana to provide further details on its population
structure and the colonization history of such a different niche.

The environmental niche analyses carried out in the present study were first used to compare the niches
between closely related taxa by Broennimann et al. (2014). These authors showed that the niche overlap
between polymorphic local populations of two European snake species was higher than that of
polymorphic and monomorphic populations of each species individually. This conclusion allowed the
authors to suggest that polymorphism may enable the exploitation of different resources (Broennimann et
al. 2014). Similar analyses showed that two phylogenetically related wandering spiders (Phoneutria Perty,
1833) exhibited a higher-than-expected niche conservatism and equivalency, corroborating the hypothesis
of allopatric speciation for these species (Hazzi & Hormiga 2021).

The highest niche overlap we found in this study was between the Caribbean clade and Papiamenta.
However, this is a somewhat tautological result, owing to the low number of Caribbean species
currently assigned to Pholcophora, yielding a background dominated by the occurrence records of
Papiamenta. Upon the discovery of further records of ‘Pholcophora’ taxa in the Caribbean region,
these analyses should be carried out independently between the Caribbean ‘Pholcophora’ and
Papiamenta species. No major niche overlap (i.e., D > 0.5) was observed for any other pairwise
comparisons (see Table 2). It is important to highlight that, apart from the tautological comparison
above, the D-metric for niche overlap was not higher than 0.21 for any other comparison with the
Caribbean clade (Table 2). This suggests that the Caribbean taxa occupy a very distinct environmental
niche compared to other taxa in the North American-Caribbean clade of Ninetinae.

Some Mexican species of Pholcophora and Tolteca (ca are known from relatively close localities
250 km straight-line), but never in sympatry. The niche overlap among these taxa is relatively
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Table 2. Niche overlap metrics (Sct

’s D-index), equival

cy and similarity tests in environmental space among six compared groups. The

‘Caribbean clade’ includes Papiamenta and Caribbean ‘Pholcophora’. ‘Mexican Pholcophora’ refers to all Mexican species of Pholcophora
including P. texana. Bold underlined values are significant p-values, Similarity is shown by the two-way (I vs 2/ 2 vs 1) comparison between
groups. Graphs corresponding to all pairwise comparisons are shown in Supp. file 1: Figs S1-75.

Caribbean clade Papiamenta 0592 0.198 0.010 0.020
Caribbean clade Tolteca 0.065 0.980 0.119 0.129
Mexican Pholcophora Caribbean clade 0.114 1.000 0.198 0.188
Mexican Pholcophora Papiamenta 0.109 1.000 0.188 0.188
Mexican Pholcophora Tolteca 0.187 0.762 0.267 0.307
Non-Caribbean Pholcophora Caribbean clade 0.209 1.000 0.010 0.020
Non-Caribbean Pholcophora Mexican Phalcophora 0.239 1.000 0.049 0.049
Non-Caribbean Pholcophora Papiamenta 0.183 1.000 0.010 0.030
Non-Caribbean Pholcophora Tolteca 0.398 0.015 0.009 0.020
P. americana Caribbean clade 0.000 1.000 1.000 1.000
P. americana Mezxican Pholcophora 0.002 1.000 0.574 0.554
P. americana Non-Caribbean Pholcophora 0.096 1.000 0.277 0.267
P. americana Papiamenta 0.000 1.000 1.000 1.000
P.americana Tolteca 0.004 1.000 0.525 0.564
Papiamenta Tolteca 0.054 0.980 0.099 0.099
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low (D = 0.19; see Table 2). However, upon comparing the niche overlap between Tolfeca and ‘true’
(non-Caribbean) Pholcophora, a significantly higher index was observed (D = 0.40). This pair also
included taxa with similar and identical niches (hence the significant equivalency test; sce Warren et
al. 2008) (Table 2). This result might be biased by methodological constraints, as the background for
both groups encompasses most of Mexico and the southwestern USA, which includes a huge variation
in environmental conditions. Additionally, the significantly different altitudinal ranges occupied by
Tolteca and non-Caribbean Pholcophora species suggests that additional environmental variables not
used in the present study constrain the geographic distribution of these taxa.

The low number of statistically significant similarity and equivalency tests, associated with the low niche
overlap, corroborates the environmental niche conservatism reported for ninetines in general (Huber et al.
2023). The niche in ninetines has been shown to evolve following the expectations of Brownian motion
evolution (Huber er al. 2023), i.e., this trait changes randomly and continuously through time (Revell
2021). As such, the compared groups occupy environments that are as similar and equivalent as expected,
not identical. The decrease in biodiversity shortfalls (see Hortal e al. 2015) related to ninetines (e.g., Huber
& Villarreal 2020; Huber ef al. 2023) has revealed taxa with island and continental representatives, which
suggests that the diversification of these spiders is likely to be as complex as observed for other arachnids
(e.g., McHugh et al. 2014; Chamberland et al. 2018; Esposito & Prendini 2019; Cala-Riquelme et al.
2022). Therefore, upon availability of a comprehensive phylogeny of Ninetinae, the effects of dispersal,
vicariance, and allopatric speciation processes should be re-evaluated under a niche conservatism scenario
for the diversification of these pholcids.
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Figure S3 Equivalency
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Figure S5 Equivalency
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Figure S7 Equivalency
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Figure S9 Equivalency
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Figure S11
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Figure S13 Equivalency
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Figure $15 Equivalency
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Figure S17
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Figure S21 Niche Overlap
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Figure S23 Niche Overlap
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Figure S25 Niche Overlap
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Figure S27 Niche Overlap
P. americana
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Figure S29 Niche Overlap
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Figure S31

PCA correlation circle Caribbean taxa x Papiamenta
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Figure S32
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Figure S33

PCA correlation circle Mexican Pholcophora x Caribbean taxa
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Figure S34
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Figure S35
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Figure S36
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Figure S37
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Figure S38
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Figure S39
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Figure S40
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Figure S41

PCA correlation circle P. americana x Mexican Pholcophora
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Figure S42
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Figure S43
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Figure S44
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Figure S45

PCA correlation circle Papiamenta x Tolteca
on Cre

Crowther_N

/

[Simard_ | bioI8]

Axis 1 = 36.44 % Axis 2 = 26.85 %

357

bio15
bio15
= iz 2



, Similari
Figure S46 Caribbeant¥axa

X
Papiamenta
uO_) —
o _]
=)
-
Q o
3 ¢
Q o
e o~
S ]
I T
[ I | | | 1 | -
[ [ [ |
0.0 0.2 0.4 0.6
D
p.value = 0.0099
: Similarity
Figure S47 Caribbean taxa
X
Tolteca
o
[*a]
g
c
g
g ¥
I
[== T
o
o — [ I
[ [ [ [ [ |
0.0 0.1 0.2 0.3 0.4 0.5
D

p.value = 0.11881

358



Figure S48 . Similarity
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: Similarity
Figure S52 Non-Caribbean Pholcophora
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Figure S56 Similarity
P. americana

X
Mexican Pholcophora

Q
O
9
g @ 7 &
o
(O]
Lt o
o
. e
[ [ [ |
0.0 0.1 0.2 0.3
D
p.value = 0.57426
Figure S57 Similarity
P. americana
X
o Non—Caribbean Pholcophora
S -
o
<
g o |
c oM
]
3
P oS-
L
2 o
——
[ | I |
0.0 0.1 0.2 0.3

D
p.value = 0.27723

363



Similarity

Figure S58 !
P. americana
X
o Papiamenta
8 -
o
o0
2 3
S %
P 9
[T
g —
—_—
[ [ [ |
0.00 0.02 0.04 0.06
D
p.value=1
Figure S59 Similarity
P. americana
X
o _ Tolteca
[ee]
o
O
9
cC
3] o
3 <
o
(]
i
o
o
] [ S—
[ [ I |
0.0 0.1 0.2 0.3
D

p.value = 0.52475

364



Figure S60 Similarity
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Figure S62 Similarity
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Figure S64
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Figure S66 Similari
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Figure S74
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Figure S76. Summary tree of all trees using unpartitioned analysis. All the trees were
constructed from the same gene set but with different multiple-sequence-alignment (MSA)
trimming strategies. The ClipKIT_gappy tree was used as the reference tree, the trees (query
trees) from other MSA-trimming strategies were compared to the reference tree, with “+” or *-*
indicating that the query trees agree or disagree with the branching events, respectively.
Numbers on the branches are SH-aLRT support (%). Best-fit model according to BIC for the
reference tree: SYM+I+G4.
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Figure S77. Summary tree of all trees using partitioned analysis. All the trees were constructed from
the same gene set but with different multiple-sequence-alignment (MSA) trimming strategies or the
untrimmed MSA. The ClipKIT gappy tree was used as the reference tree, the trees (query trees) from

33

other MSA-trimming strategies were compared to the reference tree, with “+” or ‘-* indicating that the
query trees agree or disagree with the branching events, respectively. Numbers on the branches are
SH-aLRT support (%).

373



5. Discussion
5.1 Evolution of karyotype in mygalomorphs of the superfamily Atypoidea

Concerning mygalomorphs, I focused on the superfamily Atypoidea. This clade is
composed by the families Atypidae, Antrodiaetidae, Mecicobothriidae, Hexurellidae, and
Megahexuridae (Hedin et al. 2019). Diploid numbers in this superfamily are lowest than
in most species of the superfamily Avicularioidea. The male diploid numbers within
Atypoidea range from 14 (Atypus affinis) (Rezag et al. 2006) to 47 (Atypoides riversi)
(Kral et al. 2013). The morphology of the chromosomes is predominantly biarmed (Reza¢
et al. 2006, Kral et al. 2011, 2013). The three sex chromosome systems have been
reported, namely X0, X1X>0, and XY (Suzuki, 1949, 1950a, 1954, Rezag et al. 2006, Kral
et al. 2011, 2013). The X1X20 system is described for only one species of the family
Atypidae (Suzuki 1954). In this case, it is very likely a confusion with the X0 system, as

our revision shows, see below.

With the aim to contribute to understanding the karyotype evolution of Atypoidea, I
revised the karyotype of Atypus karschi from East Asia, which has been introduced into
USA. Available karyotype data on this species differ from our information. While Suzuki
(1954) reported in male of this species 44 chromosomes, all acrocentric, my data show
the karyotype composed by 41 chromosomes, all biarmed, which is supposed to be
ancestral for European species of Afypus (Reza¢ et al. 2006). Considering that this
karyotype occurs also in analyzed Asian species, it could be ancestral for the genus
Atypus. As far as chromosome morphology is concerned, it is extremely unlikely that the
population studied by Suzuki and our populations will differ fundamentally in the
morphology of all chromosomes. The report of acrocentric karyotype in spiders studied
by Suzuki could be due to the poor chromosome spreading because during this period
hypotonic solution was not yet used. In addition, the Atypus has small chromosomes, it is
difficult to determine their morphology. The absence of hypotonisation may also have led
to the different diploid count reported by Suzuki. Concerning Atypus, a derived karyotype
was found in 4. affinis 2nd= 14, XY (all chromosomes biarmed) from the Czech Republic
(Reza¢ et al. 2006). This karyotype arose from the set 41, X0 via multiple fusions, which
took also part in formation of neo-sex chromosome system XY in this species (Rezaé et
al. 2006). Suzuki (1954) reports an X;X>0 system for 4. karschi, but our revision did not
confirm this system. In the male meiosis of entelegyne spiders, on which Suzuki
otherwise mainly focused, two acrocentric X chromosomes are paired by their ends,
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which closely resembles the metacentric X chromosome in the X0 system with a primary
constriction in the middle of the chromosome, which we found in 4. karschi. The X0
system, which is probably ancestral to the superfamily Atypoidea, may have arisen from
the fusion of the X; and X> chromosomes in the X;X>0 system, which is supposed to be
ancestral in mygalomorphs (Kral et al. 2013). Our findings in 4. karschi support idea that

X1X20 system is however not present in recent representatives of the superfamily.

Our study on A. karschi also includes detection of constitutive heterochromatin and
NORs. In Mygalomorphae, the constitutive heterochromatin has been detected in several
species only. These species do not belong to the family Atypidae. The pattern of the
constitutive heterochromatin detected in A. karschi is similar to the distribution described
in other spiders (Kofinkova and Kral 2013). The blocks of heterochromatin were found
in the centromeric and telomeric regions (Rezag et al. 2022). Nucleolus organizer regions
of mygalomorphs were detected by silver staining or FISH (Kral et al. 2013, Cabral-de-
Mello and Marec 2021). Nucleolus organizer regions have been studied in a low number
of mygalomorphs so far including four species of Atypoidea subfamily (Kral et al. 2013).
Thus, it is not yet possible to determine the basic traits of NOR evolution in
mygalomorphs. The NORs of Atypoidea are placed on autosomes and their number range
from one to four (Kotinkova and Kral 2013, Rezag et al. 2022). In Atypoidea, they are
localized in the ends of autosome pairs, which is probably an ancestral feature of the
spiders (Kofinkova and Kral 2013). A single NOR was found in 4. karschi. The low
number of NORs is probably also an ancestral feature of spiders (Kral et al. 2013).
According to our data, the NOR of 4. karschi is associated with the large block of
heterochromatin. The comparison of location of heterochromatin and NOR revealed that
NOR-associated heterochromatin is composed by inactive rDNA, which is common in

eukaryotes (Fujiwara et al. 1998, Guetg and Santoro 2012).
5.2 Karyotype evolution in Pholcidae spiders

Current phylogenetic analyses have resulted in many taxonomic changes in haplogyne
araneomorphs, which are now composed of Synspermiata and the clade formed by the
families Hypochilidae and Filistatidae (Wheeler et al. 2017, Fernandez et al. 2018,
Kulkarni et al. 2021, 2023). While chromosomes of most haplogynes have standard
structure, chromosomes of members of the superfamily Dysderoidea are holokinetic (Kral

et al. 2019).
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I selected the family Pholcidae as a model group of haplogynes with standard
chromosome structure for the analysis of karyotype evolution at the family level. This
family is very suitable for these purposes. It is the most diverse family of haplogyne
spiders (World Spider Catalog 2024), and it has a worldwide distribution, especially in
the tropics and subtropics (Huber 2011). Some species are synanthropic (Huber 2005a).
Finally, pholcid molecular phylogeny was studied in detail (Huber et al. 2018).

Although pholcids are the most studied group of haplogynes from the cytogenetic point
of view, the reconstruction of their karyotype evolution was only made possible after
inclusion of information contained in the papers included in my thesis, which provide
data on a further 63 species. These species represent an extensive cross-section through
all major pholcids clades (Avila etal. 2021, Kral et al. 2022, Huber et al. 2022, 2023a,b,c¢).
Moreover, we determined NOR pattern of 41 species. Large dataset on pholcid NORs
allowed us to reconstruct the evolution of this key chromosome structure at the family
level for the first time in spiders (Avila et al. 2021, Kral et al. 2022, Huber et al. 2022,
2023a,b,c).

Analyzed species show karyotype dominated by biarmed chromosomes. While
predomination of biarmed chromosomes seem to be symplesiomorphy of opisthothele
spiders (Kral et al. 2013), the male diffuse stage is probably synapomorphy of
Haplogynae clade (Krél e al. 2006; Kofinkova & Kral 2013, Avila et al. 2021, Krél et al.
2022). Predomination of acrocentric chromosomes was reported only in the species
Pholcus manueli (Xiuzhen et al. 1997a). However, this conclusion is based on the pattern
of heterochromatin on mitotic chromosomes only. According to our experience, it could
be difficult to determine unequivocally whether the blocks of heterochromatin are located
in the centromeric region of mitotic chromosomes in pholcids; they may be also
intercalary ones. This is consistent with our unpublished findings in this species, which

show that its karyotype is dominated by biarmed chromosomes as in other pholcids.

The most basal clade of pholcids is the subfamily Arteminae. Our karyotype data indicate
that this subfamily is paraphyletic (Avila et al. 2021). Except for Artema, all other genera
nest karyotypically with the subfamily Modisiminae. The same pattern was revealed by
molecular phylogeny (Huber et al. 2018). Furthermore, some authors report X;X>20 system
in Artema atlanta (Sharma & Parida, 1987, Parida & Sharma, 1987a, Arunkumar &
Jayaprakash 2015). Our results showed system X;X>Y including tiny Y chromosome,
which was probably overlooked by previous authors. Several Syspermiata spiders display
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the same karyotype as A. atlanta (2nd=33, X1X2Y), namely Filistata insidiatrix
(Filistatidade) and Paculla sp. (Pacullidae) (Kral et al. 2019). Therefore, the ancestral
pholcid karyotype could be the same as found in these spiders. Phylogenetic distribution
of 2nd=33, X1 X2Y karyotype indicates that it could be also ancestral for haplogynes
(Avila et al. 2021). Alternatively, it could be karyotype 39, X;X2Y found in the haplogyne
family Drymusidae. Very similar karyotype has been found in austrochilids 2n3'=38, XY
(Kral et al. 2006), which are the most basal members of the lineage formed by
protoentelegynes and entelegynes, sister clade of haplogynes. At present, cytogenetic
information is not sufficient to decide which of these hypothesis on ancestral haplogyne

karyotype is correct.

In some pholcids, several different diploid numbers have been reported. According to our
results, the populations of Micropholcus fauroti from Brazil and Cabo Verde islands, and
South Africa display the lowest diploid number found in Pholcidae, 2n3=9 (Avila et al.
2021). In another Brazilian population, male karyotype 17, X0 has been reported (Araujo
et al. 2005b). This result is most likely wrong. Presumably the two fused figures were
scored as a single, so the number of chromosomes was approximately double compared
to our karyotype. Our conclusion is supported by data of the other species of the genus,
which possess also karyotype 2n3=9 (Lomazi et al. 2018). Likewise, different karyotypes
has been reported in the synanthropic species Crossopriza lyoni, the diploid number of
Indian populations range from 23 to 27 (Bole-Gowda 1958, Srivastava & Shukla 1986,
Parida & Sharma, 1987a, Sharma & Parida, 1987). In contrast to this, the populations
from Brazil (Oliveira et al. 2007) and Vietnam (Avila et al. 2021) exhibit the same
karyotype 23, X0, which we also found in other Crossopriza species (Avila et al. 2021).
The increase of the diploid number in the Indian populations can be explained on the basis
of fissions of autosomes, however this rearrangement is improbable as it was not found
in other pholcids. Therefore, the most probable cause of karyotype diversity is the
misidentifications of the specimens by some authors. This idea is supported by
distribution of diploid numbers in the subfamily Smeringopinae. Karyotypes with higher
number of chromosomes reported for C. /yoni were also found in the some other clades
of the subfamily Smeringopinae but in the clade containing Crossopriza only karyotype

with 23 chromosomes has been reported (Avila et al. 2021).

During the evolution of spiders, the number of chromosomes was reduced in multiple

clades by chromosome fusions (Suzuki 1954, Kral et al. 2006, Kotinkové and Kral 2013).
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This process also occurred during the karyotype evolution of many pholcid clades (Avila
et al. 2021, Huber et al. 2023a,b). In some species there were one or two monoarmed
pairs, produced by pericentric inversion or translocation (Avila Herrera et al. 2021), as
for example a monoarmed pair in most representatives of the genus Pholcus (Kral et al.
2022). It is probably a synapomorphy of Euroean clades of Pholcus or all this genus (Kral
et al. 2022). My data show that in this genus the monoarmed pair was formed by
pericentric inversion, and in some species the same rearrangement changed it back to a
biarmed pair (Kral et al. 2022). The centric fusion of two monoarmed pairs may then have

reduced the number of chromosomes (Avila Herrera et al. 2021).

According to our results, Pholcidae show very diverse SCS, namely X0, X;1X20, X1X>X30,
XY, X1X2Y, X1 X2X3Y, and X1 XoX3X4Y (Avila et al. 2021, Kral et al. 2022, Huber et al.
2023a,b). The XiXoY system, which is considered to be ancestral for araneomorphs
(Paula-Neto et al. 2017), has been reported in 7 families of haplogynes, namely
Filistatidae (Kral et al. 2006, 2019, Paula-Neto et al. 2017), Drymusidae (Kral el at. 2006),
Hypochilidae (Kral el at. 2006), Pacullidae (Kral et al. 2019), Pholcidae (Kral et al. 2006,
2022, Avila et al. 2021, Huber et al. 2023a,bc, 2024), Plectreuridae (Avila et al. 2016),
and Sicariidae (Silva et al. 1988, 2002, Kral et al. 2006, Kumbigak, 2014, Araujo et al.
2020, Sember et al. 2020). Placement of available karyotype data into the recent spider
phylogenetic trees suggest that X1X>Y system could arise even in common ancestor of
mygalomorphs and araneomorph spiders (Avila et al. 2021). Supposed ancestral SCS of
entelegynes and mygalomorphs, X;X20, could evolve from X;X,Y system via the
deletion of Y chromosome (Paula-Neto et al. 2017, Avila et al. 2021). Origin of the
X1X2Y system remains unresolved. Silva et al. (2002) proposed the origin of X1X2Y
system by the rearrangements between autosomes and sex chromosomes. According to
another hypothesis, these chromosomes evolved from CSCP chromosomes via
nondisjunctions (Avila et al. 2021). The chromosomes composing the X1X2Y system are
dynamic elements, they were modified frequently by rearrangements during the
Pholcidae evolution. The common rearrangements were the pericentric inversions and
translocations between sex chromosomes and between sex chromosomes and autosomes,
which do not change the sex chromosome number (Kral et al. 2022). Rearrangements of
sex chromosomes often result in reproductive isolation (Rieseberg 2001, Ayala et al.

2005).
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Some rearrangements led to changes in the number of sex chromosomes and change of
the sex chromosome system. In haplogynes the diverse sex chromosomes systems
evolved from the ancestral X;X>Ysystem. According our results from pholcids, in some
clades the Y chromosomes has been lost, giving rise to the X;X20 system (Avila et al.
2021). In other pholcid clades, XY system has evolved by the X chromosome fusion
(Avila et al. 2021). X0 system found in some pholcids arose from X;X20 system. In other
clades it has evolved from XY system (Avila et al. 2021). Entelegyne and mygalomorph
spiders display frequently the X;X>X30 system (Kral et al. 2013, Araujo et al. 2014).
Nevertheless, in haplogynes it was only described in one species, namely Smeringopus
pallidus (Pholcidae). Origin of the X;X>X30 system in Smeringopus is unresolved. It
could arise from X;X20 system by nondisjunction as supposed in many entelegynes
(Stahlavsky et al. 2020), or by fission of biarmed chromosomes followed by pericentric
inversion of resulting products (Avila et al. 2021). The unique systems with more sex
chromosomes have been detected in the subfamily Ninetinae, namely X;X>X3Y and
X1X2X3X4Y (Huber et al. 2023 a,b, 2024). According Huber et al. (2023 a,b), these
systems arose from the X1X>Y system by fissions of biarmed X chromosomes and/or by

non-disjunctions (Huber et al. 2024).

Nucleolus organizer regions have been detected in spiders mostly by silver staining so far
(Oliveira et al. 2007, Dolejs et al. 2011, Kral et al. 2006, 2013). This approach detects
only NORs, which were transcriptionally active during preceding interphase (Miller et al.
1976). In my studies, I detected NORs by FISH (Avila et al. 2021, Kral et al. 2022). This
approach allow to detect all NORs including inactive ones. The most NORs of pholcids
show terminal location. This position suggests that NORs have expanded to other location
usually by ectopic recombination. These events are more frequent in telomeric areas
(Goldman and Lichten 1996). The ectopic recombinations have been found in many
organisms, for example yeast, tobacco, and Drosophila (Ayala et al. 2005, Roy et al.

2005).

According to our results, Pholcidae display very diverse NORs numbers, from one to nine
loci (Avila et al. 2021, Krél et al. 2022). Some pholcids exhibited the sex-chromosome-
linked NORs. Our results show that this location arose independently several times in
pholcids (Avila et al. 2021). Sex chromosome-linked NORs are also frequent in other
haplogynes (e.g., Kral et al. 2006, Avila et al. 2016). This feature is a synapomorphy of
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some haplogyne clades (Kral et al. 2006, Avila et al. 2021). By contrast, this location is
rare in mygalomorphs and entelegynes (Kral et al. 2011, 2013, Araujo et al. 2015).

The sex chromosome-linked NORs of pholcids are almost always located on the X
chromosomes (Avila et al. 2021). Y chromosome exhibit frequently a high condensation,
which probably reduces spreading of NORs on this element. Placement of sex-
chromosome linked NORs at the ends of sex chromosomes involved into achiasmatic sex
chromosome pairing during male meiosis suggest that NORs could be involved into this
pairing (Avila et al. 2021, Kral et al. 2022). Sember et al. (2020) revealed by CGH that
some sequences of the Y chromosomes spreaded to the terminal part of the X»
chromosome. These sequences could also take part in the paring of the sex chromosomes.
Some species of the genus Pholcus have lost sex-linked NORs (Avila Herrera et al. 2021,
Kral et al. 2022). However, rDNA sequences responsible for pairing may persist on the

sex chromosomes, as in some species of Drosophila (Roy et al. 2005, Presgraves 2008)
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6. Conclusions and future directions

The aim of the thesis was to analyze the karyotype evolution of selected clades of
haplogyne and mygalomorph spiders by conventional and molecular cytogenetic

methods.

In mygalomorphs I focused on the revision of the karyotype of the atypid Atypus karschi.
The original description of its karyotype was highly inaccurate neither the diploid
number, chromosome morphology nor the sex chromosome determination system was
correctly determined. Revised data show that the karyotype of this East Asian species is
very similar to European representatives of the genus. The first data on heterochromatin
distribution and nucleolar organizers in the family Atypidae have been obtained.
Furthermore, the probable ancestral karyotype of the genus Atypus was determined.
Although the data obtained are of great importance for understanding the evolution of
karyotype in the mygalomorphs of the superfamily Atypoidea, many more species,
representatives of all families of Atypoidea, will have to be investigated. To understand
karyotype evolution in the mygalomorphs, the superfamily Avicularioidea should also be
more thoroughly analyzed. Attention should be focused in particular on phylogenetically

basal families, which are mostly understudied, and on families not yet karyotyped.

Concerning haplogynes, I focused on Pholcidae, the most diverse haplogyne family with
monocentric structure of chromosomes. This is the first analysis of karyotype evolution
at the family level in monocentric haplogynes. Diploid numbers ranged widely in these
spiders, and sex chromosome systems and patterns of nucleolar organizers were also
diverse. Diploid numbers found in the genus Micropholcus were lowest in araneomorph
spiders with standard chromosome structure. On the basis of my findings, hypotheses
about the ancestral karyotype of haplogyne spiders were made. In the course of pholcid
evolution, the diploid chromosome number decreased in different branches as in most
other spider groups. As in most other monocentric haplogynes, karyotypes of pholcids
were dominated by biarmed chromosomes. This pattern is probably ancestral for
opisthothele spiders. The ancestral sex chromosome system in pholcids is the X1X2Y
system, available data suggests that it is probably also ancestral to araneomorph spiders.
This system has been further changed by rearrangements involving inversions,
translocations, chromosome fissions and fusions. In various clades, the number of X

chromosomes increased or decreased, while in some branches the Y chromosome was
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lost or increased in size. In some lineages, autosome fragments have been probably
integrated into sex chromosomes. Complicated sex chromosomes systems X;X>X3Y and
X1X2X3X4Y have been found in the subfamily Ninetinae. Their origin could involve
nondisjunctions. Pholcids, as other haplogynes, exhibited a specific meiotic modification
in male prophase I, which is called diffuse stage. This period is distinguished by an

extreme decondensation of bivalents.

My data allowed to analyse NOR evolution on family level, for the first time in spiders.
The ancestral feature is probably a single autosomal terminal NOR. During following
evolution, number of NORs increased. Furthermore, NORs often spreaded to sex
chromosomes via ectopic recombination. Sex-chromosome linked NORs were probably
involved in the achiasmatic pairing. Finally, number of autosome and sex chromosome
linked NORs was reduced in some clades. In some species of Pholcus, sex-chromosome
linked NORs have disappeared completely. Nevertheless, sequences of rRNA clusters
that play a role in chromosome pairing may persist, as has been shown in Drosophila. 1t

would be interesting to test this hypothesis.

Data from other haplogyne families show that many of the processes of karyotype
differentiation found in pholcids may also apply to other groups, such as a similar pattern
of sex chromosome evolution or a reduction in diploid number. In addition, there are
trends that are largely absent or missing in pholcids, such as chromosome fissions or
polyploidization. The evolution of haplogyne spiders with holokinetic chromosomes is
very specific and distinct. In order to describe the global karyotype evolution of
haplogyne spiders, the karyotypes of a much larger number of species need to be
analyzed, which is especially true for rDNA clusters in nucleolar organizers. The pattern
of evolution of other gene clusters and other genes at karyotype of haplogynes remains
unexplored. Our results suggest a low intraspecific diversity of pholcid karyotypes. In P.
phalangioides, two cytotypes were revealed, which differ by several karyotype features.
These cytotypes could be separate species. This shows that cytogenetic data can also be

important for taxonomy and phylogeny of spiders.
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