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Abstrakt 

Pavouci jsou rozmanitou skupinou členovců s celosvětovým rozšířením. Jsou 

významnými predátory a úspěšně osídlili většinu suchozemských ekosystémů. Navzdory 

významu této skupiny jsou informace o jejích karyotypech stále omezené, a to zejména u 

sklípkošů, sklípkanů a haplogynních araneomorfů. Předkládaná doktorská práce je 

zaměřena na evoluci karyotypu vybraných kládů haplogynů a sklípkanů, konkrétně na 

čeledi Pholcidae a Atypidae. Ke stanovení karyotypů a vzorů nukleolárních organizátorů 

(NOR) byly použity techniky standardní a molekulární cytogenetiky. Získané výsledky 

umožňují revidovat diploidní počet a systém pohlavních chromozomů sklípkana Atypus 

karschi (Atypidae) a určit pravděpodobný ancestrální karyotyp rodu Atypus. A. karschi 

vykazuje jeden NOR, který sousedí s velkým blokem heterochromatinu tvořeným 

inaktivovanou rDNA. 

Pokud jde o čeleď Pholcidae, získané výsledky podstatně zvyšují počet analyzovaných 

druhů této čeledi. Získané údaje umožnily poprvé studovat evoluci karyotypu haplogynů 

na úrovni čeledi, poprvé také evoluci NOR. Pholcidi mají nízké diploidní počty, 2n♂ se 

pohybuje v rozmezí 9 až 33. V karyotypech pholcidů převažují dvouramenné 

chromozomy. V průběhu evoluce se diploidní počty často snižovaly fúzemi. Morfologie 

chromozomů vstupujících do fúze se nejprve změnila inverzí na akrocentrickou nebo 

subtelocentrickou. Systémy pohlavních chromozomů a vzory NOR jsou velmi 

diverzifikované. Mé studie prokázaly sedm systémů pohlavních chromozomů, a to X0, 

XY, X1X20, X1X2X30, X1X2Y, X1X2X3Y, and X1X2X3X4Y. Fylogeneticky původní je 

systém X1X2Y, který je pravděpodobně ancestrální u araneomorfních pavouků. Moje 

studie odhalila evoluční plasticitu systému X1X2Y. Jeho evoluce zahrnovala translokace 

mezi chromozomy X1 a X2, inverze chromozomů X a zvětšení velikosti chromozomu Y. 

Systém X1X2Y se u některých skupin transformoval na jiné systémy. Systém X1X20 

vznikl ztrátou chromozomu Y, systém XY vznikl fúzí chromozomů X. Z těchto systémů 

vznikl v některých evolučních větvích systém X0, a to buď fúzí chromozomů X (ze 

systému X1X20), nebo ztrátou chromozomu Y (ze systému X0). Systém X1X2X30 u 

Smeringopus pallidus vznikl ze systému X1X20, a to buď fúzí chromozomů X, nebo 

nondisjunkcí. Nejsložitější systémy byly nalezeny v podčeledi Ninetinae (X1X2X3Y a 

X1X2X3X4Y).  Tyto systémy vznikly ze systému X1X2Y podobně jako systém nalezený u 

S. pallidus.  Počet lokusů NOR se pohybuje od jednoho do devíti, jsou umístěny na 

autosomech a často se šířily na pohlavní chromozomy, pravděpodobně ektopickou 
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rekombinací. NORy vázané na pohlavní chromozomy se pravděpodobně podílejí na 

achiazmatickém párování pohlavních chromozomů. Počet NOR se v průběhu evoluce 

zvyšoval. U některých skupin se počet NOR, včetně NOR vázaných na pohlavní 

chromozomy, následně snížil. Podobně jako u jiných haplogynů zahrnuje samčí meióza 

pholcidů difúzní stadium a tito pavouci mají v samčí meióze obvykle velmi nízký počet 

chiasmat. 

 

Klíčová slova: chromozomová přestavba, difúzní stadium, evoluce karyotypu, FISH, 

Haplogynae, Mygalomorphae, nukleolární organizátor jadérka, pohlavní chromozom, 

rDNA. 
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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, 2n♂ 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, X1X20, 

X1X2X30, X1X2Y, X1X2X3Y, and X1X2X3X4Y. Phylogenetically original is the X1X2Y 

system, which is probably ancestral to araneomorph spiders. My study revealed the 

evolutionary plasticity of the X1X2Y system. Its evolution included translocations 

between X1 and X2 chromosomes, inversions of X chromosomes, and increase of Y 

chromosome size. The X1X2Y system has been transformed to other systems in some 

groups. The X1X20 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 X1X20 system) or 

by loss of the Y chromosome (from the X0 system). The X1X2X30 system of Smeringopus 

pallidus arose from the X1X20 system, either by X chromosome fission or nondisjunction. 

The most complicated systems were found in the subfamily Ninetinae (X1X2X3Y and 

X1X2X3X4Y).  These systems arose from the X1X2Y 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. 
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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 (Šťáhlavský 2024), harvestmen (Tsurusaki et al. 2024), parasitiform 

(Norton et al. 1993, Vázquez 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 (Král et 

al. 2006, 2019, Diaz et al. 2010, Řezáč 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, Kořínková  and Král  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 (Král 2007, Král 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 (Král et al. 2013). In haplogyne spiders, NORs are often placed 

on sex chromosomes (Král et al. 2006, Ávila 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 (Král et al. 2019). Moreover, cytogenetic research of spiders is becoming 

intertwined with genomics (Sánchez-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; 

c) 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 (Kořínková and Král 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 
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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 Ramírez, 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 (Král 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 

2n♂=5 in Afrilobus sp. (Král et al. 2019) to 2n♂=152 in Caponia natalensis (Král et al. 

2019). Remarkably, the most mygalomorphs karyotyped so far possess higher diploid 

numbers than araneomorph spiders (Kořínková and Král 2013, Král 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 (Král et al. 2013, Kořínková 

and Král 2013). The karyotypes of almost all entelegynes are formed exclusively by 

acrocentric chromosomes (Suzuki 1954; Dolejš et al. 2011, Kořínková and Král 2013; 

Štahlavský 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, Řezáč 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 (Král 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, Kořínková and Král, 2013). The 

most members of basal spider groups (Mesothelae and Mygalomorphae) show a high 

number of chromosomes (Suzuki 1954, Král 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 (Král et al. 

2011, 2013). Some clades show an increase in the number of chromosomes due to fissions 

(Král 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, Kořínková and Král 2013). Most spiders exhibit unusual 

multiple X chromosome systems (Král et al. 2013), which are rare in other animal clades 

(Kořínková and Král 2013).  

Most information on the evolution of sex chromosomes is available in entelegyne spiders. 

The most common sex chromosome system of entelegyne spiders is ♂X1X2/♀X1X1X2X2 

(named X1X20), where 0 indicates the absence of the Y chromosome (Araujo et al. 2012, 

Kořínková and Král 2013). The two X chromosomes, X1 and X2, are considered non-

homologous due to the absence of recombination and their different size (Araujo et al. 
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2005, Král et al. 2011, Kořínková and Král, 2013). Nonhomologous nature of these X 

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

The origin of the system X1X20 has been explained by the fission of a metacentric X 

chromosome at X0 system (Pätau 1948). Another hypothesis also suggests origin from 

X0 system, namely via non-disjuction of X (Postiglioni & Brum-Zorrilla 1981, 

Kořínková and Král 2013). Finally, a recent hypothesis suggests that X1X20 system arose 

from X1X2Y system via loss of Y chromosome. The latter system is frequent in haplogyne 

araneomorphs (see below).  

The X1X20 system is rare in mygalomorphs and haplogynes (Araujo et al. 2012, 

Kořínková and Král 2013). The X1X20 system has been transformed to other sex 

chromosome systems in some entelegyne clades, for example in X0 system in several 

lineages (Srivastava & Shukla, 1986, Taşdemir 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 (X1X2X30, 

X1X2X3X40) could arise by fission(s) (Kořínková and Král 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 X1X2Y chromosome system 

(Král et al. 2006, Ávila et al. 2016, Paula-Neto et al. 2017, Araujo et al. 2020). The X1X2Y 

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 (Král 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 X1X2Y system was also detected in filistatid haplogynes (Ávila 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) (Král et al. 

2006, Oliveira et al. 2007, Ávila et al. 2016, Král 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 (Král et al. 2006, Ávila et al. 2016, Král et al. 2019). Origin of X1X2Y 

system is not resolved. X1X2Y system is an ancient sex chromosome determination; 

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

The ancestral sex chromosome system in mygalomorphs is probably the X1X20 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 X1X20 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 (Král et al. 2013). 

Some mygalomorphs exhibit a sex chromosome system composed by more X 

chromosomes than four, for example X2X3X4X50 (Microstigmata zuluensis), 

X1X2X3X4X5X6X7X8X9 (Macrothele yaginumai) and 

X1X2X3X4X5X6X7X8X9X10X11X12X13 (Macrothele gigas) (Král 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 (Král et al. 2013, Sember et 

al. 2020). Karyotype of these species include Y chromosome. These systems were 

discovered in Atropothele socotrana 68, X1X2X3Y (Sember et al. 2020), Atypus affinis 

(XY) (Řezáč et al. 2006), and Paratropis sp. (X1X2X3X4X5X6X7Y) (Král 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 (Král 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 (Kořínková 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 (Král 

et al. 2006, 2007, 2011). The first type was detected in some basal groups of Entelegynae 

(Král et al. 2011), Haplogynae (Král et al. 2006) as well as in Mygalomorphae (Král et 

al. 2011, 2013). The second type is characteristics for most Entelegynae (Král et al. 2011, 

Dolejš 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 I. Bivalents formed by sex chromosomes associate at one end during this 

period (Král 2007, Král 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)  (Král 2007, Král 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 (Král 2007, Král et al. 2011, Sember et al. 2020). 

The CSCP was detected in some entelegynes (Král 2007, Král et al. 2011) haplogynes 

(Král et al. 2006), and mygalomorphs (Král et al. 2013, Sember et al. 2020). Avicularioid 

mygalomorphs exhibit two CSCP (Král et al. 2013). The second SCSP could have been 

formed by polyploidization just like the X1X2X3X40 system (Král et al. 2013, Sember et 

al. 2020). Chromosomes of CSCP show the same morphology and size as well as the 

same heterochromatin pattern (Král 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 (Klášterská 1977, Benavente and Wettstein 

1980, Kořínková and Král 2013). Diffuse stage arose multiple times in different 

eukaryotic lineages (Klášterská, 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 (Galián 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 (Král et al. 

2006, 2011, 2013, Kořínková and Král 2013), including the lineage with holokinetic 

chromosomes (Benavente and Wettstein 1980, Král et al. 2006, Král et al. 2019). In other 

spider groups, the male diffuse stage was found only in some clades (Kořínková and Král 

2013).   

Another modification of spider meiotic division is inverted meiosis, which has been found 

in some spiders with holokinetic chromosomes (Král 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 (Štáhlavský and Král 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, Šťáhlavský and Král 2004, Satomura et al. 2019). In arachnids the achiasmatic 

meiosis was reported in scorpions (Shanahan and Hayman 1990, Almeida et al. 2019), 

chthoniid pseudoscorpions (Šťáhlavský, and Král, 2004), haplogyne spiders from the 

families Dysderidae and Segestriidae (Benavente and Wettstein 1980, Rodríguez Gil et 

al. 2002), mygalomorphs of the family Euagridae (Král et al. 2013), and some acariform 

mites (Keyl 1957). In spiders of the families Dysderidae 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 (Král et al. 2006).   

2.2.4. Banding techniques and techniques of molecular cytogenetics 

The information concerning centromeric and telomeric regions in spiders is scarce 

(Kořínková and Král 2013). C-banding revealed that these structures are formed by 

constitutive heterochromatin (Král et al. 2006, Dolejš et al. 2011, da Costa 2020, Rincão 

et al 2021). It is rare to find heterochromatin blocks out of these two regions in spiders 

(Dolejš et al. 2011). Sex chromosomes of some spiders contain a high amount of 

constitutive heterochromatin. It hold especially for Y chromosome of the X1X2Y system, 

for example Y chromosome of Pholcus phalangioides (Pholcidae) (Král 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 (Rincão 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 (Vítková 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 (Král et al. 2013), haplogynes (Král et al. 2006, 

Oliveira et al. 2007, Paula-Neto et al. 2017), and entelegynes (Rodríguez-Gil et al. 2007, 

Dolejš 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, Král et al. 2013, 2019; Rincão et al. 

2017, Sember et al. 2020, Štáhlavský 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 

(Štáhlavský et al. 2020). In haplogyne spiders, NORs often spreaded to sex chromosomes 

(Král et al. 2006, Ávila 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 

(Rincão 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 (Rincão 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, Král et al. 2006, Oliveira 

et al. 2007, Ramalho et al. 2008, Lomazi et al. 2018), X1X20 (Painter 1914, Suzuki, 1954, 

Prakash & Prakash, 2014a,b), XY (Golding & Paliulis 2011), and X1X2Y (Král 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 X1X2Y system (Silva 1998, Silva et al. 

2002, Král et al. 2006, Araujo 2007, Franco and Andia, 2013, Kumbiçak 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 X1X2Y, which 

is probably ancestral for haplogynes, there are also species with derived systems, X1X20 

and X1X2Y1Y2. Latter system arose by fission of Y chromosome or Y chromosome 

nondisjunction (Král et al. 2006, Ávila et al. 2016). 
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In the family Scytodidae, only five species have been karyotyped. The diploid number 

ranges from 13 (Araujo et al. 2008, Rodríguez-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 X1X20 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 (Král 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) (Král et al. 2006). In all studied species, the X1X2Y SCS has been reported 

(Král et al. 2006, Paula-Neto et al. 2017, Sember et al. 2020) except for karyotype 24, 

X1X20 in Kukulcania hibernalis (Rodríguez-Gil et al. (2002). Other authors reported Y 

chromosome in this species (Hetzler 1979, Paula-Neto et al. 2017). I suppose that 

Rodríguez 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 (Král 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 (Král et al. 2006), Diguetia albolineata 20, XY, D. canities 16 XY 

(Diguetidae), Monoblemma muchmorei 23, X0 (Tetrablemmidae), (Král et al. 2006) and 

Paculla sp. 33, X1X2Y (Pacullidae) (Král 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 (Král 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 (Král et al. 2006), Plectreuridae 

(Ávila et al. 2016), Pholcidae (Oliveira et al. 2007, Arunkumar et al. 2015), 

Tetrablemmidae (Král 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 (Král et al. 2006, Ávila et al. 2016). The sex-

chromosomes linkedNORs were revealed in several species, namely Scytodes thoracica, 

Ochyrocera sp., Monoblemma muchmorei, Loxosceles spinulosa, L. rufescens (Král et al 

2006), Crossopriza lyoni (Oliveira et al. 2007, Arunkumar et al. 2015), and Plectreurys 

(Ávila et al. 2016). . 

Molecular differentiation of Y chromosome of the X1X2Y 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 X2 

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 

X2 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, Bureš 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, Bureš 

et al. 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 (Král 1994a, Nagaki et al. 

2005, Král et al. 2006). Recent study of Zedek and Bureš (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 Bureš 2018, 

Neumann et al. 2023).  

In arachnids, holokinetic chromosomes have been reported in scorpions of the family 

Buthidae (Sadílek et al. 2015, Ubinski et al. 2018, Almeida et al. 2019), acariform mites 

(Oliver, 1977, Eroğlu and Per, 2016), spiders of the superfamily Dysderoidea (Rodriguez 

Gil et al. 2002, Král et al. 2006, Díaz et al. 2010, Král 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 (Král et al. 2019). The 

holokinetic chromosomes appear to be apomorphy of the superfamily Dysderoidea (Král 

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 

(Kořínková & Král, 2013, Řezáč et al. 2018, Král et al. 2019) to 40 (Řezáč 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, Rodríguez-Gil et al. 

2002, Řezáč et al. 2007, 2014, 2018). Data on D. crocata suggest diversity of diploid 

numbers in this species. Populations from Argentina (Rodríguez-Gil et al. 2002) and 

Turkey (Řezáč et al. 2007) possess 2n♂=11. On the other hand, the populations from 



27 
 

South Africa, Bulgaria, and Spain display 2n♂=9 (Řezáč et al. 2007, 2018), and 

populations from Canary Islands (Portugal) 2n♂=13 (Řezáč et al. 2007). The studied 

dysderids show X0 system, except for Dysdera dolanskyi, which exhibit X1X20 SCS 

(Řezáč 2018). Dysdera crocata and species of the subfamily Harpactirinae exhibit 

inverted meiosis (Král 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, Král et al. 2006). 

While the genus Ariadna shows X0 system (Rodríguez-Gil et al. 2002, Diaz et al. 2010, 

Král et al. 2019), species of the genus Segestria display X1X20 system (Benavente & 

Wettstein, 1980, Král et al. 2006, Diaz et al. 2010), which probably arose by fission of 

the ancestral single X chromosome found in Ariadna (Král 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 2n♂=7, X0 (Král et al. 2019). Recently, three species more have been analysed, 

namely Cinetomorpha simplex (2n♂=9, X0), Neotrops sp., and Neoxyphinus 

termitophilus (2n♂ = 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 (2n♂=5, X0) (Král 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 (Král et al. 2019). Diploid 

numbers and sex chromosome systems of analysed caponiids are as follows: Caponia 

natalensis 2n♂= 152, X1X2X3X4X5X6 ; C. capensis 2n♀=136; C. hastifera 2n♂=128, 

X1X2X3X4X5X6X7X8X9X10Y1Y2, Nops aff. variabilis 55, X1X2X3X4Y. In several other 

caponiids, only the diploid number was obtained. Chromosomes of caponiids are 

predominantly biarmed (Král 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 (Král 

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 (Král 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, Řezáč 2006, Král et al. 2011, 

2013, Kořínková & Král 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) (Řezáč et al. 2006) and Ischnothele 

caudata, Ischnothelidae) (Král et al. 2013) to 128 (Cyclocosmia siamensis, 

Halonoproctidae) (Král 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, Řezáč 

et al. 2006, Kořínková & Král, 2013, Král 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, Řezáč et al. 2006, Král et al. 2011, 2013, 

Sember et al. 2020). This morphology also have been found in haplogyne spiders (Král 

et al. 2006, Řezáč et al. 2006). This pattern suggest that predomination of biarmed 

morphology is a symplesiomorphy of opisthothele spiders (Král et al. 2006). Biarmed 

chromosomes prevails in analysed species of families Atypidae (Řezáč et al. 2006), 

Ctenizidae (Král et al. 2013),  Halonoproctidae  (Král et al. 2013), Idiopidae  (Král et al. 

2013), Ischnothelidae (Král et al. 2013), Macrothelidae (Král et al. 2013), Megahexuridae 

(Král et al. 2013), and Theraphosidae (Kořínková & Král, 2013, Král 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 (Král et al. 2013), Dipluridae (Král et al. 

2011), Nemesiidae (Král et al. 2013), Barychelidae (Král et al. 2013, Sember et al. 2020), 

and Migidae (Král et al. 2013). Monoarmed chromosomes of these families arose from 

biarmed ones, usually by pericentric inversion (Král 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 (Řezáč et al. 2006) to 46 

(Suzuki, 1949, 1950a). Three sex chromosomes systems were reported in Atypus, namely 

X0 (Řezáč et al. 2006, Král et al. 2011), XY (Řezáč et al. 2006), and X1X20 (Suzuki 1949, 
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1950a, 1954). Concerning the family Antrodiaetidae, only three species belonging to 

three genera have been studied so far. Diploid numbers in males range from 27 to 47 (Král 

et al. 2013). Chromosomes are mostly biarmed. All analysed species have X0 system 

(Hetzler 1979, Král et al. 2013). Concerning the family Megahexuridae one specie have 

been karyotyped, Megahexura fulva 43, X0. This species possesses only biarmed 

chromosomes (Král et al. 2013). 

The X0 system of Atypoidea has probably evolved from the ancestral X1X20 system by 

centric fusion; it is supported by a large size of X chromosome of X0 system (Král et al. 

2011, 2013). A. affinis exihibits neo-sex chromosomes XY, which arose by fusions 

between original X chromosome of the X0 system and autosomes (Řezáč 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. 2n♂=40, XY? (Král et al. 2013) and 

Atrophothele socotrana 2n♂=68, X1X2X3Y (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 (Král et al. 2013, Sember et 

al. 2020). Single studied species of the family Ctenizidae (Cyrtocarenum cunicularium, 

2n♂=74, X1X20) shows mostly biarmed chromosomes, even sex chromosomes exhibited 

this morphology (Král et al. 2013).  

The two karyotyped species from the family Cyrtaucheniidae belong to the genus 

Ancylotrypa, they show predominance of monoarmed chromosomes (Král et al. 2013). 

Unfortunately, it was impossible to determine the sex chromosome system (Král et al. 

2013). In the family Dipluridae, two species has been analysed, namely Diplura cf. 

petrunkevitchi 2n♂=90, X1X2X3X40 and Linothele sericata 2n♂=86, X1X2X3X4X5X60 

(Král 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 

X1X2X3X4X5X60 found in L. sericata arose probably from the ancestral Avicularioidea 

system (X1X2X3X40) by chromosome fissions. The larger X chromosomes retained 

biarmed morphology, small X chromosomes are acrocentric and arose by fission of 

biarmed chromosomes (Král et al. 2013). The same process formed probably 

X1X2X3X4X50 system of  Euagrus lynceus  (Král et al. 2013), belonging to the family 

Euagridae. The highest number of X has been found in the family Macrothelidae, namely 
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in Macrothele gigas (Macrothelidae), which displays 

X1X2X3X4X5X6X7X8X9X10X11X12X130 system (Král et al. 2013). Very high number of X 

chromosomes has been found also in another Macrothele representative, M. yaginumai 

(X1X2X3X4X5X6X7X8X90) (Král et al. 2013). In both species, the sex chromosomes were 

biarmed (Král 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 (Král et al. 2013), the 

male of C. torreya 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 (Král et al. 2013). In the family |Idiopidae only one species have been karyotyped, 

Titanidiops syriacus 61, X0? (Idiopidae), as well as in families Nemesiidae (Iberesia 

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) (Král 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 

(Král et al. 2013, Sember et al. 2020), X1X20 (Painter, 1914, Král et al. 2013, Sember et 

al. 2020), X1X2X3, and X1X2X3X4 (Kořínková & Král 2013, Král et al. 2011, 2013). In 

most species, CSCP exhibit a specific behaviour at male germline (Král 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 (Král et al. 2011). Similar 

results were obtained in Macrothele gigas (Macrothelidae) (Král 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 (Král 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 (Král et al. 2013). Another representative of this family, 

Antrodiaetus riversi, shows two chromosome pairs including NOR, one NOR is larger 

(Král et al. 2013). One NOR-bearing autosome pair has been revealed in two members of 

the superfamily Avicularioidea, Euagrus lynceus (Euagridae) and Idiothele mira 

(Theraphosidae) (Král et al. 2013). In two theraphosids, Grammostola sp. (Cabral-de-

Mello et al. 2021) and Tlitocatl albopilosum (Král 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) (Král et al. 2013). 

In the representative of the family Nemesiidae, one chromosome of the CSCP beared 

NOR at both termini (Král 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). 

 

 

 

 

 



33 
 

4. Outline of the publications 

Publication 4.1. Řezáč M, Heneberg P, Ávila Herrera IM, Gloríková N, Forman M, 

Řezáčová V, Král J (2022). Atypus karschi Dönitz, 1887 (Araneae: Atypidae): an Asian 

purse-web spider established in Pennsylvania, USA. PLoS ONE. 

DOI.org/10.1371/journal.pone.0261695  

 

IF2021: 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 Dönitz, 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 Atypus 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 Atypus 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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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, 

Essex Ave 
Naylor Run Park Smedley Park Smedley Park Tyler Arboretum Tyler Arboretum Tyler Arboretum 

GPS coordinates 39.93698, -

75.30093 
39.9444, -

75.27606 
39.957009, -

75.27949 
39.917311, -

75.359051 
39.917311, -

75.359051 
39.929369, -

75.435086 
39.928783, -

75.434941 
39.941767, -

75.429050 
date 5 Nov 2013 5 Nov 2013 5 Nov 2013 5 Nov 2013 5 Nov 2013 6 Nov 2013 9 Nov 2013 9 Nov 2013 
habitat bottom of the 

valley 
city suburb shallow valley rocky valley rocky valley fallow field field-adjacent 

beech forest 
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 

yellow 
Lower layer 

yellow 
Topsoil Grey Yellow 

Soil penetrability 

(kg/cm2) 
1-5   0.5–2 0.5–1.75 2–3 2.25–3.25 1.5–2.25 1.25–2 

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. 

grandidentata 
1     1         

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 Atypus 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 

length (mm) 
No. of juveniles 

present 
Length of below-

ground web (cm) 
Length of above-

ground web (cm) 
Total web 

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 

5.4 152 8 10.5 18.5 

5.4 129 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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Publication 4.2. Ávila Herrera IM, Král J, Pastuchová M, Forman M, Musilová J, 

Kořínková T, Šťáhlavský F, Zrzavá M, Nguyen P, Just P, Haddad CR, Hiřman M, 

Koubová M, Sadílek D, Huber B (2021). Evolutionary pattern of karyotypes and meiosis 

in pholcid spiders (Araneae: Pholcidae): implications for reconstructing chromosome 

evolution of araneomorph spiders. BMC Ecology and Evolution. 21:75.  

DOI: 10.1186/s12862-021-01750-8. 

 

IF2021: 0.00 

 

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, X1X2Y, XY, and X1X20.   

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. I 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 (2n♂=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 

(2n♂=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 X1X2X3X4Y 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 2n♂=29, X1X2Y, 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 X1 chromosome was biarmed in 

most cases. In contrast to this, morphology of X2 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 (Aetana, 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, X1X20, X1X2X30, X1X2Y, X1X2X3X4Y). During 

evolution of some pholcine X1X2Y lineages, size of the Y chromosome has increased 

considerably. Furthermore, size of X2 chromosome decreased in some pholcine clades, 

which was accompanied by change of X2 morphology to non-metacentric one. Obtained 

data also suggest frequent integration of autosome fragments into sex chromosomes. 

X1X2Y system have been transformed to the X1X20 or XY systems and subsequently into 

the X0 system in some pholcid clades. The X1X2X30 system arose probably from the 

X1X20 system by an X chromosome fission. The X1X2X3X4Y 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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Supplementary Information 

 

Evolutionary pattern of karyotypes and meiosis in pholcid spiders (Araneae: Pholcidae): 

implications for reconstructing chromosome evolution of araneomorph spiders. 

 

 

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 X2 chromosome. Note low 

condensation of X chromosomes. Bar = 10 μm. 
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Additional file 4: Fig. S2. Sex chromosomes of artemines with the X1X2Y and XY 

systems. Stained by Giemsa. X1 = X1 chromosome, X2 = X2 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 X1 and X2 at the 

periphery of the plate. c 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 μm. 
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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 II 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. c Metaphase I, comprising seven 

bivalents and peripheral X chromosome. d Two sister metaphases II 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 μm. 
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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; c 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 

(X0), diffuse stage, one bivalent includes a NOR. Bar = 10 μm. 
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Additional file 8: Fig. S5. Sex chromosome systems of modisimines. Stained by Giemsa. 

X = X chromosome. (a–c) 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, e) Modisimus cf. elongatus (X0). d 

Diplotene, comprising eight bivalents and a peripheral X chromosome. e Two sister 

metaphases II separated by a line (n = 8 + n = 9, including peripheral X chromosome); (f, 

g) Psilochorus pallidulus (X0). f Diplotene, comprising eight bivalents and peripheral X 

chromosome. g Two sister metaphases II (n = 9, including X chromosome + n = 8). Bar 

= 10 μm. 
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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 

II. Bar = 10 μm. 
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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, X1 = X1 chromosome, X2 = X2 

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 (X1X2Y). c Diakinesis, comprising 13 bivalents and sex 

chromosomes X1, X2, and Y. Sex chromosomes show end-to-end paring. d Two sister 

metaphases II separated by a line (n = 15, including chromosomes X1 and X2 + n = 14 

including Y microchromosome). Bar = 10 μm. 
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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 X1X2Y. B = large 

bivalent, H = large bivalent exhibiting positive heteropycnosis, mon = monoarmed X 

chromosome, T = sex chromosome trivalent, X = X chromosome, X1 = X1 chromosome, 

X2 = X2 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. c 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 I. Note low chromosome 

condensation. e Diplotene. Plate consists of eight bivalents and almost decondensed sex 

chromosomes. f Diakinesis, note the X1X2Y 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; i Pholcus bamboutos (X1X2Y), transition from metaphase to anaphase I. 

Note the delayed separation of sex chromosomes. Only one end of the X2 chromosome 

takes part in pairing. The Y chromosome is positively heteropycnotic. Bar = 10 μm. 
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Additional file 13: Fig. S9. Sex chromosomes of pholcines with the X1X2Y system, part 

I. Stained by Giemsa. Figures a, d, e contain a scheme of the sex chromosome trivalent. 

X1 = X1 chromosome, X2 = X2 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). c Transition metaphase II/anaphase 

II, 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 X1 and X2). Note the reduction of the X2 chromosome. Bar = 10 μm. 
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Additional file14: Fig. S10. Sex chromosomes of pholcines with the X1X2Y system, part 

II. Stained by Giemsa. Figures a, b contain a scheme of the sex chromosome trivalent. T 

= trivalent, X1 = X1 chromosome, X2 = X2 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. c Metaphase II, including X chromosomes (n = 9). X1 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 μm. 
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Additional file15: Fig. S11. Sex chromosomes of pholcines with the X1X2Y system, part 

III. Stained by Giemsa. Figures a, c, e contain a scheme of the sex chromosome trivalent. 

c = centromere, X1 = X1 chromosome, X2 = X2 chromosome, Y = Y chromosome. (a, b) 

Muruta tambunan. a Diakinesis, consisting of 11 bivalents and a sex chromosome 

trivalent. b Two sister metaphases II separated by a line (n = 12, including Y chromosome 

+ n = 13 including chromosomes X1 and X2). Note the metacentric X1 chromosome and 

submetacentric X2 chromosome on the periphery of the plate. They exhibit positive 

heteropycnosis; (c, d) Pholcus phalangioides. c Diakinesis, comprising 11 bivalents and 

a sex chromosome trivalent, which is placed in the middle of the plate and exhibits 

positive heteropycnosis. Concerning the X2 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 II, 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 X2 chromosome, only one end is involved in pairing. h Two sister metaphases II 

separated by a line (n = 11 including Y chromosome + n = 12 including chromosomes X1 

and X2). Bar = 10 μm. 
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Additional file 16: Fig. S12. Pholcinae, male karyotypes, Giemsa staining. Based on 

metaphase II (a) or two sister metaphases II (b–d). a Aetana kinabalu, haploid set, 

karyotype metacentric except for submetacentric X1 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 X2; c 

P. opilionoides, chromosomes metacentric except for five submetacentric pairs (nos 2–6) 

and acrocentric X2. Chromosome X1 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 X2. Centromeres of sex 

chromosomes marked by arrowheads. Bar = 10 μm. 
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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); (c, d) Cantikus 

sabah. c 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 μm. 
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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 X1X2Y (red = signal formed by several 

NORs). Arrowhead = NOR-bearing chromosome (a, b, d, f–h), bivalent (c, e) or trivalent 

(c, e), open arrowhead = sex chromosome-linked NOR, T = sex chromosome trivalent, 

X1 = X1 chromosome, X2 = X2 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 X2 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 (X1X2Y). d Mitotic 

metaphase (separated by a line from another plate). X1 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 X1 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 μm except for c, e, g (10 

μm). 
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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 X1 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 X2 chromosome; b S. atomarius, note one submetacentric (no. 3) and 

one acrocentric pairs (no. 13), and submetacentric X2; c 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 X2. Sex chromosomes positively 

heteropycnotic; e Smeringopus sp., note two submetacentric pairs (nos 1, 2), one 

acrocentric pair (no. 10) and acrocentric X2. Bar = 10 μm. 
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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 μm. 
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Additional file 22: Fig. S17. Sex chromosomes of smeringopines with multiple X 

chromosomes. Stained by Giemsa. X = X chromosome, X1 = X1 chromosome, X2 = X2 

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). c 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 II, 

without sex chromosomes (n = 13). Bar = 10 μm. 
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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 I 

composed of 11 bivalents and X chromosome. b Anaphase I; (c, d) Holocnemus pluchei. 

c 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 μm. 
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Additional file 24: Fig. S19. Pholcidae, male germline, behaviour of sex chromosomes 

prior to meiosis. Arrow = sex chromosomes, X1 = X1 chromosome, X2 = X2 chromosome, 

Y = Y chromosome. (a, b) Muruta tambunan (X1X2Y), mitotic metaphase, chromosomes 

X1, X2, and Y positively heteropycnotic. Chromosomes X2 and Y are approximately of 

the same size. a Sex chromosomes grouped in the middle of the plate. b Chromosomes 

X1 and X2 associated in parallel, Y chromosome released from the association; c 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 X1 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 μm. 
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Additional file 25: Fig. S20. Pholcidae, male meiosis, condensation and segregation of 

sex chromosomes. X = X chromosome, Xs = X chromosomes, X1 = X1 chromosome, X2 

= X2 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; c 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 II, division of X chromosomes is delayed; h Pholcus sp. (X1X2Y), two half-

plates of anaphase II 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 heteropycnotic at right anaphase II. Bar = 10 

μm. 
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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 II 

(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 μm. 
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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 μm. 
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Remaining electronical supplements of the paper are at the thesis supplements. 
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Publication 4.3. Král J, Ávila Herrera IM, Šťáhlavský F, Sadílek D, Pavelka J, 

Chatzaki M, Huber BA (2022). Karyotype differentiation and male meiosis in European 

clades of the spider genus Pholcus (Araneae, Pholcidae). Comparative Cytogenetics.16, 

185–209.  

DOI: 10.3897/CompCytogen.v16i4.85059 

 

IF2022: 1.8 

 

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 2n♂ = 25, X1X2Y, 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 X1X2Y system exhibited probably metacentric morphology. In Pholcus, X2 

chromosome has been changed into monoarmed one. Ancestral X1X2Y 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 X1 chromosome and one at the end of long arm 

of X2 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 X2 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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Electronical supplement of the paper is at the thesis supplements. 
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Publication 4.4. Huber BA, Meng G, Král J, Ávila Herrera IM, Izquierdo M, Carvalho 

LS (2023). High and dry: integrative taxonomy of the Andean spider genus Nerudia 

(Araneae: Pholcidae). Zoological Journal of the Linnean Society. 198, 534–591. 

DOI.org/10.5852/ejt.2023.880.217317.07.23 

 

IF2022: 1.8 

 

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 

X1X2Y 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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Supporting Information 

 

High and dry: integrative taxonomy of the Andean spider 

genus Nerudia (Araneae: Pholcidae) 
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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. IQ-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 et 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/joss.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) 

Copiapó; (4) Córdoba; (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. 

 

 



217 
 

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; BIO5 – 

Maximum temperature of warmest month; BIO6 - Minimum temperature of coldest month; 

BIO7 - Temperature annual range; BIO8 - 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. 
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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 PC1 PC2 PC3 PC4 PC5 PC6 PC7 

Standard deviation 3.182 1.879 1.779 1.069 0.980 0.781 0.689 

Proportion of variance 48.2% 16.8% 15.1% 5.4% 4.6% 2.9% 2.3% 

Cumulative proportion 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 PC1 PC2 PC3 PC4 PC5 PC6 PC7 

Min. temperature of coldest month 0.948 0.003 0.256 0.149 -0.114 -0.038 0.001 

Mean temperature of coldest quarter 0.931 0.117 0.321 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 0.476 -0.626 -0.519 -0.076 -0.096 0.238 0.057 

Tree density 0.430 0.173 0.075 0.378 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 Bolivia, Beni, Est. Biol. Beni, El Trapiche, -14.737, -66.265 

Galapa baerti Ecuador, Galapagos Isl., Santiago, Bucanero Cove, -0.272, -90.849 

Galapa baerti Ecuador, Galapagos Isl., Santiago, Cerro Cowan, -0.21, -90.78 

Galapa baerti? Ecuador, Galapagos Isl., Santa Fé, -0.805, -90.048 

Galapa baerti? Ecuador, Galapagos Isl., Islote Venecia, -0.5178, -90.476 

Galapa baerti? Ecuador, Galapagos Isl., Pinta, littoral zone, 0.545, -90.738 

Galapa bella Ecuador, Galapagos Isl., Santa Cruz, Academy Bay, Darwin Res. St., -

0.741, -90.305 

Galapa bella Ecuador, Galapagos Isl., Santa Cruz: 1 km SW Garrapatero beach, -0.7007, 

-90.228 

Galapa bella Ecuador, Galapagos Isl., Santa Cruz: near Canal de Itabaca, -0.4936, -

90.286 

Galapa floreana Ecuador, Galapagos Isl., Floreana, La Lobería, -1.2831, -90.4907 

Galapa spiniphila Venezuela, Falcón, Peninsula de Paraguaná, near Cueva del Guano, 

11.9026, -69.9456 

Gertschiola macrostyla Argentina, Catamarca, Joyango, 60 km S Andalgalá, -28.1, -66.13 

Gertschiola macrostyla Argentina, Catamarca, between Fiambalá and Tinogasta, -27.9872, -

67.6306 

Gertschiola macrostyla Argentina, Catamarca, Quebrada del Cura, between Belén and Andalgalá, -

27.6, -66.6 

Gertschiola macrostyla Argentina, Catamarca, Andalgalá, -27.6, -66.31 

Gertschiola macrostyla Argentina, Córdoba, between Villa Dolores and Chancani, -31.8328, -

65.2647 

Gertschiola macrostyla Argentina, La Rioja, SE Aimogasta, ‘site 2’, -28.9015, -66.6538 

Gertschiola macrostyla Argentina, San Juan, Cuesta de Marayes, -31.4949, -67.3358 

Gertschiola macrostyla Argentina, San Juan, Valle Fértil, Chucuma, -31.0372, -67.2858 

Gertschiola macrostyla Argentina, San Juan, ~7.5 km S Astica, -31.0223, -67.2976 

Gertschiola macrostyla Argentina, San Juan, 50 km N Marayes, -31.0, -67.25 

Gertschiola macrostyla Argentina, San Juan, Astica, -30.95, -67.31 

Gertschiola macrostyla Argentina, San Juan, San Agustín de Valle Fértil, -30.6366, -67.4863 

Gertschiola macrostyla Argentina, San Juan, Parque Provincial Ischigualasto, -30.1839, -67.9026 

Gertschiola macrostyla Argentina, San Juan, between San José de Jáchal and Huaco, -30.1497, -

68.6063 

Gertschiola macrostyla Argentina, San Juan, Ischigualasto, -30.0, -68.0 

Gertschiola macrostyla Argentina, San Luis, Sierra de las Quijadas N.P., -32.469, -66.961 

Gertschiola macrostyla Argentina, San Luis, Merlo, -32.33, -64.95 

Gertschiola macrostyla Argentina, Santiago del Estero, Sumampa Viejo, -29.4, -63.43 

Gertschiola macrostyla Argentina, Tucumán, Bañado, -26.45, -65.98 

Gertschiola macrostyla Argentina, San Luis, Sierra de las Quijadas N.P., -32.4937, -66.9627 

Gertschiola macrostyla? Argentina, La Rioja, between Chilecito and Famatina, -29.0027, -67.4855 

Gertschiola neuquena Argentina, Chubut, Peninsula Walden, Puerto Piramides, -42.5667, -

64.2833 

Gertschiola neuquena Argentina, La Pampa, Gobernador Duval, -38.71, -66.4 

Gertschiola neuquena Argentina, Mendoza, Bardas Blancas, -35.87, -69.8 

Gertschiola neuquena Argentina, Mendoza, Nihuil, -35.01, -68.66 

Gertschiola neuquena Argentina, Neuquén, Piedra del Áquila, -40.05, -70.08 

Gertschiola neuquena Argentina, Neuquén, Ciudad de Neuquén, -38.95, -68.66 
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Taxa Locality 

Gertschiola neuquena Argentina, Neuquén, Confluencia: Planicie Banderita/Loma de la Lata, -

38.45, -68.68 

Gertschiola neuquena Argentina, Neuquén, Paso Huitrin, -37.66, -69.98 

Gertschiola neuquena Argentina, Rio Negro, Ñe Luan, -41.5, -68.68 

Gertschiola neuquena Argentina, Rio Negro, [Cerro] Campana Mahuida(?), -40.1, -69.5 

Gertschiola sp. Argentina, La Rioja, between Chilecito and Famatina, -29.0027, -67.4855 

Gertschiola sp. Argentina, La Rioja, SE Aimogasta, ‘site 2’, -28.9015, -66.6538 

Gertschiola sp. Argentina, Catamarca, ~14 km W Fiambalá, -27.659, -67.7607 

Guaranita dobby Argentina, Salta, 9 km E Cabra Corral dam, -25.2945, -65.2838 

Guaranita dobby Argentina, Salta, 1 km N Charrillos, -24.7378, -65.7545 

Guaranita dobby Argentina, Salta, ~55 km NW Campo Quijano, -24.4716, -65.9272 

Guaranita goloboffi Argentina, Salta, Chuscha, 6 km NW Cafayate, -26.0333, -66.0167 

Guaranita goloboffi Argentina, Salta, Alemanía, 7 km S, El Hongo, -25.67, -65.6 

Guaranita goloboffi Argentina, Salta, 7 km E Cabra Corral dam, -25.2944, -65.2836 

Guaranita goloboffi Argentina, Salta, nr. Cabra Corral dam, 6 km E Coronel Moldes, -25.28, -

65.42 

Guaranita goloboffi Argentina, Salta, 9 km E Cabra Corral dam, -25.2861, -65.2522 

Guaranita goloboffi Argentina, Salta, 11 km E Cabra Corral dam, -25.26, -65.22 

Guaranita goloboffi Argentina, Salta, Road to Cabra Corral dam, -25.1227, -65.0622 

Guaranita goloboffi Argentina, Salta, Road to El Carmen, -24.52, -65.3508 

Guaranita goloboffi Argentina, Tucumán, Rio India Muerta, road to Ticucho, -26.55, -65.27 

Guaranita goloboffi? Argentina, Catamarca, ~5 km NW Chumbicha, near Balneario El Caolín, 

‘site 1’, -28.8152, -66.2478 

Guaranita goloboffi? Argentina, Salta, ~1 km SW Alemanía, -25.63, -65.618 

Guaranita goloboffi? Argentina, Salta, Cabra Corral, ‘site 3’, ~3.5 km SE of dam, -25.2907, -

65.3057 

Guaranita goloboffi? Argentina, Salta, Cabra Corral, ‘site 1’, ~5 km E Coronel Moldes, -25.287, 

-65.4238 

Guaranita munda Argentina, Catamarca, Cerro Colorado -27.0, -66.0 

Guaranita munda Argentina, Corrientes, Corrientes City, Laguna Brava, -27.49, -58.716 

Guaranita munda Argentina, Jujuy, Ledesma Dept., Caimancito oilfield, -23.6452, -64.6042 

Guaranita munda Brazil, Rio Grande do Sul, Quarái, Estancia São Roberto, -30.37, -56.42 

Guaranita munda? Argentina, Córdoba, ~2.5 km E Nono, -31.8025, -64.9762 

Guaranita munda? Argentina, Córdoba, ~1.5 km E Nono, -31.798, -64.9877 

Guaranita sp. Argentina, Jujuy, between San Salvador and Purmamarca, 'site 2', -23.8849, 

-65.4613 

Guaranita sp. Argentina, Entre Rios, PN El Palmar, -31.9, -58.25 

Guaranita sp. Argentina, Entre Rios, PN El Palmar, Arroyo El Palmar, -31.8931, -

58.2385 

Guaranita sp. Argentina, Entre Rios, PN El Palmar, Sector Sur, -31.8877, -58.3119 

Guaranita sp. Argentina, Salta, ~5 km W Cafayate, ‘site 1’, -26.0641, -66.0294 

Guaranita yaculica Argentina, Corrientes, nr. Tacuarita, -28.85, -58.44 

Guaranita yaculica Argentina, Jujuy, Calilegua N.P., Seccional Aguas Negras, -23.7667, -

64.8517 

Guaranita yaculica Argentina, Jujuy, Calilegua N.P., park entry area, -23.76, -64.85 

Guaranita yaculica Argentina, Jujuy, Aguas Negras, -23.7217, -64.8267 

Guaranita yaculica Argentina, Jujuy, Calilegua N.P., N Margins Zanjón Seco, -23.6868, -

64.5738 

Guaranita yaculica 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, -

64.8517 

Ibotyporanga bariro Venezuela, Falcón, SE Bariro, 10.7304, -70.6957 

Ibotyporanga diroa Brazil, Bahia, Toca da Esperança, Jussara, -11.15, -42.11 

Ibotyporanga diroa Brazil, Bahia, near Toca da Esperança, -11.0314, -42.0672 

Ibotyporanga emekori Brazil, Bahia, Central, Abrigo de Pilões, -11.0577, -42.1044 

Ibotyporanga emekori Brazil, Bahia, Central, Toca do Indio, -11.018, -42.1558 

Ibotyporanga emekori Brazil, Bahia, Interior da Gruta dos Noivos, -12.4166, -45.0749 

Ibotyporanga emekori Brazil, Bahia, Serra do Pau D'Arco, near Toca do Índio, -11.0534, -42.1252 

Ibotyporanga emekori Brazil, Bahia, Toca de Pilões, -11.0578, -42.1044 

Ibotyporanga naideae Brazil, Amazonas, Manaus, Reserva Campina, -2.5908, -60.0308 

Ibotyporanga naideae Brazil, Maranhão, Reserva Ecológica Inhamum, -4.8917, -43.4147 

Ibotyporanga naideae Brazil, Maranhão, Campus UEMA, -4.8658, -43.355 

Ibotyporanga naideae Brazil, Mato Grosso, Poconé: Fazenda Sta. Ines, -16.26, -56.62 

Ibotyporanga naideae Brazil, Mato Grosso do Sul, Usina Hidrelétrica Sérgio Motta, -22.4781, -

52.9581 

Ibotyporanga naideae Brazil, Mato Grosso do Sul, Hotel Passo do Lontra, -19.5747, -57.03778 

Ibotyporanga naideae Brazil, Mato Grosso do Sul, Morro do Azeite, -19.4833, -57.3167 

Ibotyporanga naideae Brazil, Mato Grosso do Sul, Piraputanga, Fazenda Correntes II, -20.45, -

55.5 

Ibotyporanga naideae Brazil, Minas Gerais, Campus da UFMG, -19.8683, -43.9658 

Ibotyporanga naideae Brazil, Minas Gerais, trail to Cachoeira das Ostras, -20.0947, -44.0154 

Ibotyporanga naideae Brazil, Minas Gerais, Floresta Estadual Uaimii, -20.2966, -43.5747 

Ibotyporanga naideae Brazil, Minas Gerais, Fazenda Sapé, -19.5, -44.1167 

Ibotyporanga naideae Brazil, Minas Gerais, Parque Municipal das Mangabeiras, -19.9541, -

43.9053 

Ibotyporanga naideae Brazil, Minas Gerais, Monumento Natural Serra da Calçada, -20.0971, -

44.0279 

Ibotyporanga naideae Brazil, Pará, Aurá, -1.41, -48.39 

Ibotyporanga naideae Brazil, Pará, Bosque Rodrigues Alves, -1.4303, -48.4562 

Ibotyporanga naideae Brazil, Piauí, Fazenda Nazareth, Município de José de Freitas, -4.756, -

42.5755 

Ibotyporanga naideae Brazil, Piauí, Fazenda do Colégio Técnico de Floriano, at Rio Parnaíba, -

6.7592, -43.0550 

Ibotyporanga naideae Brazil, Piauí, Interior de residência, Bairro Meladão, -6.7836, -43.0399 

Ibotyporanga naideae Brazil, Piauí, Distrito de Irrigação de Tabuleiros Litorâneos do Piauí, -

3.0123, -41.7968 

Ibotyporanga naideae Brazil, Piauí, Parque Municipal Pedra do Castelo, -5.2016, -41.6872 

Ibotyporanga naideae Brazil, Tocantins, Porto Nacional, -10.7, -48.4 

Ibotyporanga naideae Brazil, São Paulo, Campinas, -22.9, -47.07 

Ibotyporanga ramosae Brazil, Bahia, São Desidério, Gruta das Pedras Brilhantes, -12.609, -45.00 

Ibotyporanga ramosae Brazil, Bahia, near Gruta da Passagem, -12.4177, -45.0743 

Ibotyporanga sp. Brazil, Rondônia, Floresta Nacional do Jamari, Trilha Pedra Grande, -

9.1979, -63.0810 
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Taxa Locality 

Ibotyporanga sp. Brazil, Rondônia, Floresta Nacional de Jamari, Gran Piedra, -9.198, -

63.082 

Ibotyporanga sp. Paraguay, Boqueron, Enciso, -21.2029, -61.6591 

Ibotyporanga sp. Brazil, Piauí, Parque Nacional da Serra das Confusões, -8.9756, -43.8181 

Ibotyporanga sp. Brazil, Piauí, Parque Nacional da Serra das Confusões, -9.2257, -43.4630 

Ibotyporanga sp. Brazil, Piauí, Parque Nacional da Serra das Confusões, -8.9380, -43.8633 

Ibotyporanga sp. Brazil, Ceará, Sítio Fundão, -7.2345, -39.4384 

Ibotyporanga sp. Brazil, Piauí, Bairro Morada do Sol, -5.0656, -42.7669 

Ibotyporanga sp. Brazil, Piauí, Fazenda Bonito, ECB Rochas Ornamentais do Brasil LTDA, -

5.2266, -41.6970 

Ibotyporanga sp. Brazil, Piauí, Parque Nacional da Serra da Capivara, near Baião das 

Andorinhas, -8.8605, -42.6863 

Ibotyporanga sp. Brazil, Piauí, Parque Nacional da Serra da Capivara, Baixão das 

Andorinhas, -8.8614, -42.6867 

Ibotyporanga sp. Brazil, Piauí, Parque Nacional da Serra da Capivara, near Boqueirão do 

Ferreira, -8.7476, -42.4870 

Ibotyporanga sp. Brazil, Piauí, Bairro Via Azul, -6.7827, -43.0179 

Ibotyporanga sp. Brazil, Piauí, Residencial Angelim, Bairro Curtume, -6.7922, -43.0117 

Ibotyporanga sp. Brazil, Piauí, Bairro Meladão, -6.7836, -43.0399 

Ibotyporanga sp. Brazil, Piauí, Parque Municipal Pedra do Castelo, -5.2016, -41.6872 

Ibotyporanga sp. Brazil, Roraima, at road BR432, ~10km from Cantá, 2.5876, -60.641 

Ibotyporanga sp. Brazil, Minas Gerais, at road BR 367, -16.5689, -41.4838 

Ibotyporanga sp. Brazil, Minas Gerais, near Itaobim, -16.5688, -41.4809 

Ibotyporanga sp. Brazil, Minas Gerais, at road BR 111, -16.5061, -41.5089 

Ibotyporanga sp. Brazil, Bahia, Fazenda do Seu Washinton, -14.1830, -42.81280 

Ibotyporanga sp. Brazil, Bahia, near Buraco do Possidônio, -11.6473, -41.2694 

Ibotyporanga sp. Brazil, Bahia, at road BA-046, -11.793, -42.2901 

Ibotyporanga sp. Brazil, Bahia, Cachoeira da Samambaia, Rio Catolés, -13.306, -41.8544 

Ibotyporanga sp. Venezuela, Falcón, Peninsula de Paraguaná, near Cueva del Guano, 

11.9026, -69.9456 

Kambiwa anomala Brazil, Paraiba, Campina Grande, -7.22, -35.89 

Kambiwa neotropica Brazil, Ceará, Zona rural, -5.9992, -38.5366 

Kambiwa neotropica Brazil, Ceará, Serra do Urucu, Santuário Nossa Senhora, -5.035, -39.0106 

Kambiwa neotropica Brazil, Pernambuco, Recife, -8.05, -34.9 

Kambiwa neotropica Brazil, Rio Grande do Norte, Lajedo do Arapuá, -5.5286, -37.614 

Kambiwa neotropica Brazil, Rio Grande do Norte, Estação Ecológica do Seridó, -6.5875, -

37.2553 

Kambiwa neotropica Brazil, Rio Grande do Norte, near Portalegre, -6.0163, -37.9916 

Kambiwa neotropica Brazil, Sergipe, Usina Hidrelétrica do Xingó, -9.6244, -37.7967 

Kambiwa neotropica Brazil, Rio Grande do Norte, Lajedo do Arapuá, -5.5292, -37.6143 

Kambiwa sp. Brazil, Piauí, Parque Nacional Serra da Capivara, -8.7672, -42.56 

Kambiwa sp. Brazil, Maranhão, Reserva Ecológica Inhamum, -4.8917, -43.4147 

Kambiwa sp. Brazil, Piauí, Parque Nacional da Serra das Confusões, -9.2211, -43.4892 

Kambiwa sp. Brazil, Piauí, Fazenda Nazareth, -4.7994, -42.63 

Kambiwa sp. Brazil, Piauí, Povoado Boa Hora, -4.9060, -42.8736 

Kambiwa sp. Brazil, Piauí, Povoado Bela Vista, -4.9224, -42.8633 

Kambiwa sp. Brazil, Minas Gerais, Lavras, -21.2483, -45.00139 

Kambiwa sp. Brazil, Bahia, near Sede da Ferbasa, -13.4711, -40.4380 

Kambiwa sp. Brazil, Mato Grosso do Sul, Horto Barra do Moeda, -20.95, -51.7833 
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Kambiwa sp. Brazil, Pernambuco, near Riacho Itacuruba, -8.7874, -38.6983 

Kambiwa sp. Brazil, Minas Gerais, Parque Estadual da Mata Seca, -14.8494, -44.0078 

Kambiwa sp. Brazil, Minas Gerais, Parque Estadual da Mata Seca, -14.8483, -43.9881 

Kambiwa sp. Brazil, Minas Gerais, Fazenda Sapé, -19.4684, -44.2416 

Kambiwa sp. Brazil, Pará, FLONA de Carajás, Cave N30031 (GEM-1920), -6.0436, -

50.2192 

Kambiwa sp. Brazil, Pará, FLONA de Carajás, Cave N30027 (GEM-1916), -6.0444, -

50.2194 

Kambiwa sp. Brazil, Pará, FLONA de Carajás, Cave N30070, -6.0442, -50.23 

Kambiwa sp. Brazil, Pará, FLONA de Carajás, Cave N4WS0057 (GEM-1836), -6.0758, -

50.1911 

Kambiwa sp. Brazil, Pará, FLONA de Carajás, Cave N4WS0060 (GEM-1839), -6.0981, -

50.19 

Kambiwa sp. Brazil, Pará, FLONA de Carajás, Cave N5SM10014 (GEM-1187), -6.1069, 

-50.135 

Kambiwa sp. Brazil, Pará, FLONA de Carajás, Cave N5S0026 (GEM-1023), -6.0875, -

50.1272 

Kambiwa sp. Brazil, Pará, FLONA de Carajás, Cave N4WS0076 (GEM-1860), -6.0744, -

50.1883 

Kambiwa sp. Brazil, Pará, FLONA de Carajás, Cave N5S0005 (GEM-1047), -6.1058, -

50.1336 

Kambiwa sp. Brazil, Pará, FLONA de Carajás, Cave N4E0053 (GEM-1099), -6.0342, -

50.1672 

Kambiwa sp. Brazil, Pará, FLONA de Carajás, Cave N4E0048 (GEM-995), -6.0375, -

50.1603 

Kambiwa sp. Brazil, Ceará, at road BR 122, -5.5735, -38.9704 

Kambiwa sp. Brazil, Pernambuco, Parque Nacional do Catimbau, Trilha da Igreja, -

8.3343, -35.9609 

Kambiwa sp. Brazil, Piauí, Parque Nacional de Sete Cidades, near Cachoeira do Riachão, 

-4.1060, -41.6764 

Kambiwa sp. Brazil, Rio Grande do Norte, at road BR 304, -5.6755, -36.4992 

Kambiwa sp. Bolivia, Santa Cruz, Yabaré, -16.4417, -62.1725 

Magana velox Oman, Ash Sharqiyah South, between Sur and Al Kamil, 22.462, 59.388 

Nerudia atacama Chile, Atacama, Cuesta Pajonales, S Domeyko, -29.151, -70.98 

Nerudia atacama Chile, Atacama, Cuesta Pajonales, S Domeyko, -29.146, -70.997 

Nerudia centaura Argentina, Catamarca, ~20 km E Paso de San Francisco, ‘site 1’, -26.9276, 

-68.0709 

Nerudia centaura Argentina, Catamarca, ~20 km E Paso de San Francisco, ‘site 2’, -26.936, -

68.0925 

Nerudia centaura Argentina, Catamarca, ~20 km E Paso de San Francisco, ‘site 2’, highest, -

26.9369, -68.0977 

Nerudia colina Argentina, Jujuy, between San Salvador and Purmamarca, 'site 2', -23.8849, 

-65.4613 

Nerudia colina Argentina, Jujuy, between San Salvador and Purmamarca, 'site 1', -23.8866, 

-65.4588 

Nerudia flecha Chile, Coquimbo, Pascua Lama, -29.445, -70.502 

Nerudia guirnalda Argentina, Catamarca, El Rodeo, trail to Cristo Redentor, -28.2229, -

65.8677 

Nerudia guirnalda Argentina, Catamarca, Mutquín, -28.3167, -66.1167 

Nerudia guirnalda Argentina, Catamarca, El Rodeo, -28.2167, -65.8667 

Nerudia hoguera Argentina, La Rioja, between Chilecito and Famatina, -29.0027, -67.4855 
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Nerudia rocio Argentina, San Juan, ~35 km W Las Flores, -30.3967, -69.5576 

Nerudia nono Argentina, Córdoba, ~5 km E Nono, -31.7982, -64.9515 

Nerudia ola Argentina, San Juan, ~7.5 km S Astica, -31.0223, -67.2976 

Nerudia ola Argentina, San Juan, San Agustín de Valle Fértil, -30.6366, -67.4863 

Nerudia ola Argentina, San Juan, Parque Provincial Ischigualasto, -30.1839, -67.9026 

Nerudia ola Argentina, San Juan, Parque Provincial Ischigualasto, -30.1821, -67.901 

Nerudia ola Argentina, San Juan, Baldecitos, -30.2232, -67.6942 

Nerudia ola Argentina, San Juan, Valle Fértil, Parque Natural Valle Fértil, -30.6378, -

67.4892 

Nerudia ola? Argentina, Catamarca, ~5 km NW Chumbicha, near Balneario El Caolín, 

'site 2', -28.8109, -66.25 

Nerudia ola? Argentina, Catamarca, near Nacimientos, -27.1559, -66.6925 

Nerudia ola? Argentina, Catamarca, ~10 km N Belén, -27.5641, -67.0058 

Nerudia ola? Argentina, Catamarca, ~14 km W Fiambalá, -27.659, -67.7607 

Nerudia ola? Argentina, Catamarca, ~5 km NW Chumbicha, near Balneario El Caolín, 

'site 1', -28.8152, -66.2478 

Nerudia ola? Argentina, Catamarca, Chumbicha, -28.8667, -66.2333 

Nerudia ola? Argentina, La Rioja, SE Aimogasta, ‘site 2’, -28.9015, -66.6538 

Nerudia ola? Argentina, La Rioja, Cuesta de Miranda, ‘site 1’, -29.3511, -67.7924 

Nerudia ola? Argentina, La Rioja, Cuesta de Miranda, ‘site 2’, -29.3468, -67.7205 

Nerudia ola? Argentina, La Rioja, between Chilecito and Famatina, -29.0027, -67.4855 

Nerudia ola? Argentina, La Rioja, Cuesta de Miranda, -29.35, -67.72 

Nerudia ola? Argentina, San Juan, ~35 km W Las Flores, -30.3967, -69.5576 

Nerudia ola? Argentina, La Rioja, SE Aimogasta, ‘site 1’, -28.8069, -66.6635 

Nerudia poma Argentina, Catamarca, ~5 km NW Chumbicha, near Balneario El Caolín, 

'site 2', -28.8109, -66.25 

Nerudia poma Argentina, La Rioja, SE Aimogasta, ‘site 2’, -28.9015, -66.6538 

Nerudia poma Argentina, Salta, ~15 km NW Campo Quijano, -24.7918, -65.7297 

Nerudia poma Argentina, Salta, Cabra Corral, ‘site 3’, ~3.5 km SE of dam, -25.2907, -

65.3057 

Nerudia poma Argentina, Salta, Cabra Corral, ‘site 4’, W end of bridge, -25.2837, -

65.3939 

Nerudia poma Argentina, Salta, 35 km NW Rosario de Lerma, -24.7378, -65.7544 

Nerudia poma? Argentina, Salta, ~5 km W Cafayate, ‘site 1’, -26.0641, -66.0294 

Nerudia poma? Argentina, Salta, Chuscha, 6 km NW Cafayate, -26.035, -66.017 

Nerudia sp. Arg163 Argentina, La Rioja, SE Aimogasta, ‘site 2’, -28.9015, -66.6538 

Nerudia sp. Arg23a Argentina, San Juan, ~35 km W Las Flores, -30.3967, -69.5576 

Nerudia trigo Argentina, Salta, ~1 km SW Alemanía, -25.63, -65.618 

Nerudia trigo Argentina, Salta, between Alemanía and Cafayate, -25.7023, -65.7022 

Ninetinae undetermined 

genus 

Cuba, Santiago de Cuba, Siboney, no precise locality, 19.96, -75.71 

Ninetinae undetermined 

genus 

Brazil, Mato Grosso do Sul, Assentamento Canãa, Cave Gruta Córrego 

Azul I (Gruta 1), -20.7631, -56.7528 

Ninetinae undetermined 

genus 

Brazil, Pará, FLONA de Carajás, Cave N4WS0055 (GEM-1834), -6.0806, -

50.1958 

Ninetinae undetermined 

genus 

Brazil, Piauí, Parque Nacional da Serra da Capivara, near Boqueirão do 

Ferreira, -8.7476, -42.4870 

Ninetinae undetermined 

genus 

Brazil, Minas Gerais, Parque Nacional Cavernas do Peruaçu, área de 

antenas de rádio/TV, -15.0498, -44.1819 
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Ninetinae undetermined 

genus 

Brazil, Minas Gerais, Parque Nacional Cavernas do Peruaçu, near Lapa do 

Rezar, -15.1430, -44.2343 

Papiamenta levii Netherlands Antilles, Curaçao, Coral [Koraal] Specht, 3 km E Willemstad, 

12.0909, -68.8909 

Papiamenta levii Netherlands Antilles, Curaçao, S slope Veeris Berg, 12.1258, -68.9643 

Papiamenta levii Netherlands Antilles, Curaçao, Piscadera Baai, 12.1395, -68.9675 

Papiamenta levii Netherlands Antilles, Curaçao, SE airport, 12.1787, -68.9447 

Papiamenta savonet Netherlands Antilles, Curaçao, 3 km N Savonet, 12.37, -69.124 

Papiamenta sp. Netherlands Antilles, Curaçao, Grote Berg, 12.1909, -68.9979 

Papiamenta sp. Netherlands Antilles, Curaçao, near San Juan, Manzalina beach, 12.245, -

69.105 

Papiamenta sp. Netherlands Antilles, Curaçao, Boca San Pedro [Boka San Pedro], 12.256, -

69.043 

Pemona sapo Venezuela, Bolívar, 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 Canada, British Columbia, Oliver, 49.1524, -119.54372 

Pholcophora americana Canada, British Columbia, Osoyoos, 49.0945, -119.5227 

Pholcophora americana Canada, British Columbia, Osoyoos, 49.0757, -119.4901 

Pholcophora americana Canada, British Columbia, Osoyoos, Grasslands Conservation Area, 

49.0162, -119.5869 

Pholcophora americana Canada, British Columbia, Osoyoos, Kilpoola Lake, 49.0300, -119.5622 

Pholcophora americana USA, New Mexico, Otero Co., no precise locality, 32.9, -105.9 

Pholcophora americana Canada, British Columbia, Pavilion Lake, 50.7987, -121.6185 

Pholcophora americana Canada, British Columbia, Penticton, Max/Madeleine Lake, 49.5106, -

119.6461 

Pholcophora americana Canada, British Columbia, Revelstoke, Sale Mountain, 51.1663, -118.1329 

Pholcophora americana USA, Utah, Salt Lake Co., Saltair on Great Salt Lake, 40.74, -112.17 

Pholcophora americana Canada, British Columbia, Seton Portage, 50.6502, -122.4199 

Pholcophora americana USA, Washington, Stevens Co., Cedar Lake, N Leadpoint, 48.94, -117.59 

Pholcophora americana Canada, British Columbia, Summerland, Peach Orchard Cemetary, 

49.6119, -119.6574 

Pholcophora americana USA, Wyoming, Teton Co., Yellowstone NP, 44.42, -110.59 

Pholcophora americana USA, Utah, Utah Co., Lehi, 40.39, -111.85 

Pholcophora americana Canada, British Columbia, Vaseaux Creek, 49.2681, -119.5154 

Pholcophora americana Canada, British Columbia, Vaseaux Lake, Kennedy Flats, 49.2538, -

119.5221 

Pholcophora americana USA, Nevada, Washoe Co., Little Valley, Whitetail Forest Reserve, 39.24, 

-119.88 

Pholcophora americana Canada, British Columbia, Williams Lake, Lynes Creek Road, 52.2932, -

122.1562 

Pholcophora americana USA, California, Mono County, Inyo Nat. Forest, 37.8, -118.38 

Pholcophora americana USA, Montana, Missoula Co., Lolo Forest, 47.0715, -113.3843 

Pholcophora bahama Bahamas, Rum Cay, nr. Port Nelson, 23.65, -74.84 

Pholcophora bahama Turks and Caicos Islands, West Caicos, 21.67, -72.46 

Pholcophora maria Mexico, Yucatán, Cueva (Actún) Xpukil, 20.55, -89.91 

Pholcophora mexcala Mexico, Guerrero, Mexcala [=Mezcala], 17.93, -99.6 

Pholcophora sp. Puerto Rico, Isla Monito, 18.16, -67.95 

Pholcophora sp. Mexico, Puebla, ~35 km SE Tehuacan, W of Calapa bridge, 18.1619, -

97.2647 

Pholcophora sp. Mexico, Puebla, ~35 km SE Tehuacan, N of Calapa bridge, 18.1652, -

97.2605 

Pholcophora sp. Mexico, Guerrero, ~2 km N Mazatlán, 17.4567, -99.474 

Pholcophora sp. Mexico, Guerrero, ~5 km S Papanoa, 17.2711, -101.0328 

Pholcophora sp. Mexico, Puebla, ~35 km SE Tehuacan, N of Calapa bridge, 18.1652, -

97.2605 

Pholcophora texana Mexico, Hidalgo, ~2.5 km SW Jacala, 20.9948, -99.2138 

Pholcophora texana Mexico, Hidalgo, Jacala, 2 mi SW, 21.0, -99.2 

Pholcophora texana Mexico, Nuevo León, Montemorelos, 25.18, -99.83 

Pholcophora texana Mexico, Nuevo León, Grutas de San Bartolo, 16 km S Santa Catarina, 25.5, 

-100.45 

Pholcophora texana Mexico, San Luis Potosí, 2 mi E Santo Domingo, 22.87, -100.25 

Pholcophora texana Mexico, Tamaulipas, Rio Guayalejo, nr. Forlón, 23.21, -98.8 

Pholcophora texana Mexico, Tamaulipas, El Tinieblo, 24.296, -98.452 

Pholcophora texana Mexico, Tamaulipas, San Fernando, 24.85, -98.15 

Pholcophora texana USA, Texas, Hidalgo Co., Edinburg, 26.3, -98.16 
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Pholcophora texana USA, Texas, 0.5 mi [Gertsch & Mulaik 1940: 5 mi] E Rio Grande City, 

26.36, -98.8 

Pinocchio barauna Brazil, Rio Grande do Norte, near Baraúna, Caverna Porco do Mato II, -

5.0467, -37.5398 

Tolteca hesperia? Mexico, Baja California Sur, Cabo San Lucas, 22.8897, -109.9156 

Tolteca hesperia? Mexico, Baja California Sur, nr. La Paz, 24.12, -110.3 

Tolteca sp. Mexico, Colima, ~17 km E Manzanillo, 19.0115, -104.1382 

Tolteca sp. Mexico, Colima, Manzanillo, 12 mi E, 19.02, -104.13 

Tolteca sp. Mexico, Colima, Colima, 10 mi S, 19.1, -103.7 

Tolteca sp. Mexico, Colima, ~6 km S Coquimatlán, 19.1521, -103.835 

Tolteca sp. Mexico, Michoacán, ~4 km W Huahua, 18.1972, -103.0449 

Tolteca sp. Mexico, Michoacán, ~20 km W Huahua, 18.2346, -103.202 

Tolteca sp. Mexico, Oaxaca, Tehuantepec, 3 mi W, 16.35, -95.33 

Tolteca sp. Mexico, Oaxaca, Tehuantepec, 8 mi W, 16.3667, -95.3667 

Tolteca sp. Mexico, Oaxaca, ~17 km NW Tehuantepec, 16.3919, -95.3865 

Tolteca sp. Mexico, Oaxaca, Tehuantepec, 12 mi W, 16.4, -95.41 

Tolteca sp. Mexico, Oaxaca, Tequisistlán, 5 mi W, 16.41, -95.69 

Tolteca sp. Mexico, Oaxaca, 2 mi SE Niltepec, 16.55, -94.58 

Tolteca sp. Mexico, Oaxaca, ~3 km N San Pedro Totolapa, 16.6976, -96.318 

Tolteca hesperia Mexico, Sinaloa, 3 mi E Esquinapa, 22.83, -105.73 

Tolteca hesperia Mexico, Sinaloa, Mazatlán, 35 mi S, 22.869, -106.049 

Tolteca hesperia Mexico, Sinaloa, ~3 km S Rosario, 22.9584, -105.849 

Tolteca hesperia Mexico, Sinaloa, Mazatlán, 5 mi S, 23.172, -106.34 

Tolteca hesperia Mexico, Sinaloa, Villa Union, 6 mi E, 23.2, -106.13 

Tolteca hesperia Mexico, Sinaloa, Mazatlán, 20 mi E, 23.27, -106.17 

Tolteca hesperia Mexico, Sinaloa, 5 mi E Concordia, 23.32, -105.99 

Tolteca hesperia Mexico, Sinaloa, Villa Union, 32 mi E, 23.44, -105.83 

Tolteca hesperia Mexico, Sinaloa, Culiacan, 62 mi S, El Esquintal, 24.12, -106.89 

Tolteca hesperia Mexico, Sinaloa, Culiacan, 40 mi S, 24.35, -107.09 

Tolteca jalisco Mexico, Jalisco, 29 mi N La Quemada, 21.18, -104.085 

Tolteca jalisco 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 PC6 PC7 PC8 

Standard deviation 3.155 2.017 1.362 1.218 0.946 0.935 0.790 0.633 

Proportion of variance 47.4% 19.4% 8.8% 7.1% 4.3% 4.2% 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 PC1 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 PC1 PC2 PC3 PC4 PC5 PC6 PC7 

Standard deviation 3.170 1.941 1.504 1.262 0.968 0.916 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 PC5 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 0.332 -0.323 -0.204 -0.131 

Precipitation of warmest quarter 0.212 0.059 0.130 -0.420 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 0.305 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 0.362 -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 λ) analyses using the main principal components detailed in Tables 

S6-7. 

 

Principal components Fitted λ λ logL λ p-value 

PC 1 0.95 -102.83 0.000 

PC 2 0.97 -83.22 0.000 

PC 3 0.88 -76.19 0.000 

PC 4 0.91 -72.00 0.000 

PC 5 0.28 -65.87 0.592 

PC 6 0.94 -57.16 0.000 

PC 7 0.67 -54.78 0.120 

PC 8 0.85 -47.18 0.013 
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Publication 4.5. Huber BA, Meng G, Valdez-Mondragón A, Král J, Ávila Herrera IM, 

Carvalho LS (2023). Short-legged daddy-long-leg spiders in North America: the genera 

Pholcophora and Tolteca (Araneae, Pholcidae). European Journal of Taxonomy. 880, 1–

89. DOI.org/10.5852/ejt.2023.880.2173 

 

IF2023: 1.398 

 

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 Tolteca. 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 X1X2Y 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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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) (Řezáč et al. 2006) to 47 (Atypoides riversi) 

(Král et al. 2013). The morphology of the chromosomes is predominantly biarmed (Řezáč 

et al. 2006, Král et al. 2011, 2013). The three sex chromosome systems have been 

reported, namely X0, X1X20, and XY (Suzuki, 1949, 1950a, 1954, Řezáč et al. 2006, Král 

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 Atypus (Řezáč 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 A. affinis 2n♂= 14, XY (all chromosomes biarmed) from the Czech Republic 

(Řezáč 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 (Řezáč et 

al. 2006). Suzuki (1954) reports an X1X20 system for A. 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 A. karschi. The X0 

system, which is probably ancestral to the superfamily Atypoidea, may have arisen from 

the fusion of the X1 and X2 chromosomes in the X1X20 system, which is supposed to be 

ancestral in mygalomorphs (Král et al. 2013). Our findings in A. 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 (Kořínková and Král 2013). The blocks of heterochromatin were found 

in the centromeric and telomeric regions (Řezáč et al. 2022). Nucleolus organizer regions 

of mygalomorphs were detected by silver staining or FISH (Král 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 (Král 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 (Kořínková and Král 2013, Řezáč et al. 2022). In Atypoidea, they are 

localized in the ends of autosome pairs, which is probably an ancestral feature of the 

spiders (Kořínková and Král 2013). A single NOR was found in A. karschi. The low 

number of NORs is probably also an ancestral feature of spiders (Král et al. 2013). 

According to our data, the NOR of A. 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 (Král 

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 (Ávila et al. 2021, Král 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 (Ávila et al. 2021, Král 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 (Král et al. 2013), the male diffuse stage is probably synapomorphy of 

Haplogynae clade (Král et al. 2006; Kořínková & Král 2013, Ávila et al. 2021, Král 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 (Ávila 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 X1X20 system 

in Artema atlanta (Sharma & Parida, 1987, Parida & Sharma, 1987a, Arunkumar & 

Jayaprakash 2015). Our results showed system X1X2Y 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 (2n♂=33, X1X2Y), namely Filistata insidiatrix 

(Filistatidade) and Paculla sp. (Pacullidae) (Král et al. 2019). Therefore, the ancestral 

pholcid karyotype could be the same as found in these spiders. Phylogenetic distribution 

of 2n♂=33, X1X2Y karyotype indicates that it could be also ancestral for haplogynes 

(Ávila et al. 2021). Alternatively, it could be karyotype 39, X1X2Y found in the haplogyne 

family Drymusidae. Very similar karyotype has been found in austrochilids 2n♂=38, XY 

(Král 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, 2n♂=9 (Ávila 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 2n♂=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 (Ávila et al. 2021) exhibit the same 

karyotype 23, X0, which we also found in other Crossopriza species (Ávila 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. lyoni 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 (Ávila et al. 2021).  

During the evolution of spiders, the number of chromosomes was reduced in multiple 

clades by chromosome fusions (Suzuki 1954, Král et al. 2006, Kořínková and Král 2013). 
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This process also occurred during the karyotype evolution of many pholcid clades (Ávila 

et al. 2021, Huber et al. 2023a,b). In some species there were one or two monoarmed 

pairs, produced by pericentric inversion or translocation (Ávila Herrera et al. 2021), as 

for example a monoarmed pair in most representatives of the genus Pholcus (Král et al. 

2022). It is probably a synapomorphy of Euroean clades of Pholcus or all this genus (Král 

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 (Král et al. 2022). The centric fusion of two monoarmed pairs may then have 

reduced the number of chromosomes (Ávila Herrera et al. 2021).  

According to our results, Pholcidae show very diverse SCS, namely X0, X1X20, X1X2X30, 

XY, X1X2Y, X1X2X3Y, and X1X2X3X4Y (Ávila et al. 2021, Král et al. 2022, Huber et al. 

2023a,b). The X1X2Y system, which is considered to be ancestral for araneomorphs 

(Paula-Neto et al. 2017), has been reported in 7 families of haplogynes, namely 

Filistatidae (Král et al. 2006, 2019, Paula-Neto et al. 2017), Drymusidae (Král el at. 2006), 

Hypochilidae (Král el at. 2006), Pacullidae (Král et al. 2019), Pholcidae (Král et al. 2006, 

2022, Ávila et al. 2021, Huber et al. 2023a,bc, 2024), Plectreuridae (Ávila et al. 2016), 

and Sicariidae (Silva et al. 1988, 2002, Král et al. 2006, Kumbiçak, 2014, Araujo et al. 

2020, Sember et al. 2020). Placement of available karyotype data into the recent spider 

phylogenetic trees suggest that X1X2Y system could arise even in common ancestor of 

mygalomorphs and araneomorph spiders (Ávila et al. 2021). Supposed ancestral SCS of 

entelegynes and mygalomorphs, X1X20, could evolve from X1X2Y system via the 

deletion of Y chromosome (Paula-Neto et al. 2017, Ávila 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 (Ávila 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 (Král 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 X1X2Ysystem. According our results from pholcids, in some 

clades the Y chromosomes has been lost, giving rise to the X1X20 system (Ávila et al. 

2021). In other pholcid clades, XY system has evolved by the X chromosome fusion 

(Ávila et al. 2021). X0 system found in some pholcids arose from X1X20 system. In other 

clades it has evolved from XY system (Ávila et al. 2021).  Entelegyne and mygalomorph 

spiders display frequently the X1X2X30 system (Král et al. 2013, Araujo et al. 2014). 

Nevertheless, in haplogynes it was only described in one species, namely Smeringopus 

pallidus (Pholcidae). Origin of the X1X2X30 system in Smeringopus is unresolved. It 

could arise from X1X20 system by nondisjunction as supposed in many entelegynes 

(Šťáhlavský et al. 2020), or by fission of biarmed chromosomes followed by pericentric 

inversion of resulting products (Ávila et al. 2021). The unique systems with more sex 

chromosomes have been detected in the subfamily Ninetinae, namely X1X2X3Y and 

X1X2X3X4Y (Huber et al. 2023 a,b, 2024). According Huber et al. (2023 a,b), these 

systems arose from the X1X2Y 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, Dolejš et al. 2011, Král 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 (Ávila et al. 2021, Král 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 (Ávila et al. 2021, Král et al. 2022). Some pholcids exhibited the sex-chromosome-

linked NORs. Our results show that this location arose independently several times in 

pholcids (Ávila et al. 2021). Sex chromosome-linked NORs are also frequent in other 

haplogynes (e.g., Král et al. 2006, Ávila et al. 2016). This feature is a synapomorphy of 
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some haplogyne clades (Král et al. 2006, Ávila et al. 2021). By contrast, this location is 

rare in mygalomorphs and entelegynes (Král et al. 2011, 2013, Araujo et al. 2015).  

The sex chromosome-linked NORs of pholcids are almost always located on the X 

chromosomes (Ávila 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 (Ávila et al. 2021, Král et al. 2022). Sember et al. (2020) revealed by CGH that 

some sequences of the Y chromosomes spreaded to the terminal part of the X2 

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 (Ávila Herrera et al. 2021, 

Král 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 X1X2X3Y 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. It 

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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