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Introduction: Using an integrative taxonomic approach, we investigated the morphological and molecular characters to identify the species of the genus Pseudosinella occurring in caves of the Western Carpathians and to clarify their phylogenetic relationships. Based on morphological characters, we hypothesized that Pseudosinella aggtelekiensis (Stach, 1929) and Pseudosinella paclti (Rusek, 1961) originated from different phyletic lineages.

Methods: We used the barcoding fragment of the mtDNA COI gene from 87 individuals from 16 caves to reconstruct the phylogenetic history of the genus Pseudosinella.

Results: The molecular phylogenetic tree revealed two distinct species groups with allopatric distributions. The first group consisted of P. aggtelekiensis populations from the Slovak Karst and three undescribed species from fragmented and isolated karst areas in southeastern Slovakia. The second group, P. paclti populations in the Central Western Carpathians, was merged. This group included Pseudosinellamuranensis, a new species taxonomically described in this work. It is characterized by highly developed troglomorphic features and is restricted to a small karst area, the Muranska planina Plateau. The phylogeny of the genus Pseudosinella from the caves of the Western Carpathians revealed a Miocene diversification. According to molecular calibration, the two distinct Pseudosinella lineages were separated in the Middle Miocene, about 14.51 Mya, followed by further diversification in the P. paclti lineage 10.89 Mya and in the P. aggtelekiensis lineage 11.14 Mya.

Discussion: This phylogeny is consistent with the uplift of Triassic limestones during the early formation of the Western Carpathians in the Paratethys region and the initial development of caves during this period. The study provides further important evidence that the Western Carpathians played a significant role as an independent speciation center of the obligate cave fauna in Europe.
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1. Introduction

Collembolans are “wingless” hexapods, one of the most abundant and diverse groups of soil mesofauna with nearly 9,000 species described to date (Bellinger et al., 1996–2022), probably accounting for only about 20% of the hypothetical diversity of this group (Potapov et al., 2020). Collembolans are also among the most diverse and abundant invertebrates in caves and other subterranean habitats (Juberthie, 2000), with over 400 troglobiotic (obligate cave) species known (Deharveng and Bedos, 2018).

The genus Pseudosinella (Schäffer, 1897) belongs to collembolan genera with high species diversity. Members of the genus inhabit a wide range of habitats, from xerophilous environments to wetlands and caves (Winkler et al., 2021). Currently, it includes 374 species (Bellinger et al., 1996–2022; Kováč, pers. database) with a predominantly Holarctic distribution, although recent discoveries in subterranean environments of Brazil (Cipola et al., 2020) and Australia (Guzik et al., 2021) suggest that the diversity of this genus in the Southern Hemisphere is far from well understood. More than 140 species (about 37%) are obligate cave dwellers (Lukić, 2019) with more than 100 species distributed in southern Europe (Fiera et al., 2021).

This genus is apparently a polyphyletic taxon, with phyletic lineages derived from various ancestors of the genus Lepidocyrtus (Bourlet, 1839) (Christiansen, 1961; Gama, 1984; Soto-Adames, 2002; Wang et al., 2004). Pseudosinella representatives can be distinguished from Lepidocyrtus relatives essentially by the reduced number of eyes (Christiansen, 1961), an artificial diagnostic morphological feature that does not account for phylogenetic relationships among these taxa. Species of the genus Pseudosinella generally have additional distinguishing characteristics, such as loss of pigmentation and modified unguis structure. These characters are related to their mode of life, which is restricted to deeper soil layers, shallow subterranean habitats, or caves.

Phylogenetic relationships among higher Collembola taxa have traditionally been based on morphology, but more recently, phylogenetic studies have benefited from molecular data. Internal relationships within Entomobryomorpha subfamilies have been investigated in several molecular-based studies (Leo et al., 2019; Sun et al., 2020; Cucini et al., 2021, Guzik et al., 2021). Within the Lepidocyrtinae, Gama (1984) made the first attempt to reconstruct the complex Pseudosinella phylogeny which was based on presumably non-adaptive morphological characters, namely the modifications of the basal chaetae on the labial triangle, and the presence/absence of specific chaetae on the abdominal segments II and IV. Morphological characters traditionally used for species diagnosis of Lepidocyrtinae taxa, especially head and tergal chetotaxy, are very conservative indicators of genetic divergence (Soto-Adames, 2002) and represent synapomorphies for the subfamily (Zhang et al., 2015). However, the polyphyly of Pseudosinella as indicated by the morphology has not been confirmed at the molecular level (Zhang et al., 2015; Godeiro et al., 2021, 2023).

In terms of geographic distribution, Pseudosinella lineages show obvious subterranean radiation in the Pyrenees (Deharveng and Bedos, 2018), the USA, Mexico (Christiansen and Culver, 1987), and Brazil (Cipola et al., 2020). In Southeast Asia, the diversity of troglobiotic Pseudosinella is concentrated in Sulawesi and Papua New Guinea (Deharveng, 1988; Deharveng and Bedos, 2012). Recently, Guzik et al. (2021) revealed extreme genetic diversity of this genus in the subterranean calcretes of arid Australia.

Based on a study carried out in caves in the eastern USA, Christiansen and Culver (1987) defined levels of Pseudosinella troglomorphy that are confined to specific morphological adaptations to the subterranean domain. Troglomorphic species are essentially recognized by a larger body size, an elongated unguis with reduced internal and lateral teeth, acuminate tenent hair, and an elongated apical mucronal tooth. In contrast to these forms, the highly troglomorphic species represent a more advanced stage of morphological adaptation to caves in which unguis is extremely elongated, the internal and lateral teeth are completely absent, the two basal teeth greatly reduced, tenent hairs acuminate and shortened, and the apical mucronal teeth are markedly elongated. In addition, these “advanced troglomorphs” often have distinctly elongated antennae, Pseudosinella christianseni (Salmon, 1965) being an extreme case. Identical characters of Pseudosinella in the advanced troglomorphy stage were specified by Deharveng (1988). Worldwide, there are about 70 troglomorphic species described mainly from Europe, of which 19 species show advanced troglomorphy. The distribution of these forms agrees well with the observations of Christiansen and Culver (1987), which showed a clear biogeographic pattern of decreasing geographic range with increasing troglomorphy. Moreover, these authors arrived at two important assumptions (implications) that increasing troglomorphy (1) decreases the ability to disperse and (2) points to increasingly earlier times of initial cave colonization.

The geologically complex mountain unit of the Western Carpathians in Central Europe is part of the Carpathian Mountains, one of the biodiversity hotspots in Europe (Mráz and Ronikier, 2016). The present study builds on systematic surveys of cave biota in the Western Carpathians in Slovakia carried out over the last two decades (Kováč et al., 2014). Slovakia is relatively rich in karst, covering an area of over 2,700 km2. In total, more than 7,200 karst and pseudokarst caves have been documented in the country to date (Bella et al., 2018).

So far, two troglomorphic Pseudosinella species are known from the Western-Carpathian caves, but Kováč and Rusek (2012) indicated the presence of several undescribed species. Furthermore, Kováč et al. (2016) pointed out the important role of the Western Carpathians as glacial refugia for subterranean Collembola. The authors recognized five obligate cave Pseudosinella species, three of them undescribed, based on morphological characters. They found that these species are allopatric in distribution and restricted to karst caves in the central and southern parts of the Western-Carpathian region.

The profound differences in morphological characters led us to hypothesize that Pseudosinella aggtelekiensis (Stach, 1929) and Pseudosinella paclti (Rusek, 1961) represent separate phylogenetic lineages. These lineages probably diverged during the pre-Quaternary period when significant palaeogeographic changes occurred in the former Paratethys area. We also considered species with highly evolved troglomorphic features to be evolutionary old taxa.

The aim of the present study was (1) to reconstruct the basic phylogeny of Pseudosinella populations occurring in the Western-Carpathian caves using an approach of integrative taxonomy, i.e., a combination of molecular and morphological characters; and (2) to estimate divergence times of individual Pseudosinella cave lineages based on molecular calibration.



2. Materials and methods


2.1. Morphological examination

For morphological examination, specimens were mounted individually on slides in Swann medium (Liquido de Swann), modified from Rusek (1975), and examined with a Carl Zeiss Axio 5 phase-contrast microscope and a Leica DM 2500 microscope equipped with DIC optics (differential interference contrast), a measuring micrometric eyepiece, and a drawing arm. Images were captured using a Carl Zeiss Axiocam 208 color camera and ZEN imaging software. The drawings were processed using Adobe Photoshop CS6.

Abbreviations used in text, tables, and figures are as follows: Abd., abdominal tergum; al, anterolateral sensillum; accp, accessorial p–sensillum; Ant., antennal segment; a.s.l., above sea level; cm, conical microchaeta; IBE FS UPJS, Institute of Biology and Ecology Faculty of Science, P. J. Šafárik University, Košice; mac, macrochaeta; mic, microchaeta; psp, pseudoporus; ms, microsensillum; Ti., tibiotarsus; Th., thoracic tergum.



2.2. Nomenclature of chaetae

The dorsal chaetotaxy of the head follows the two systems of Gisin (1967) and Soto-Adames (2010), with Gisin's original system retained for consistency with older taxonomic literature on the genus. Notation of labial palps is following Fjellberg (1999), labial chaetotaxy following Gisin (1964), and postlabial chaetotaxy following Chen and Christiansen (1993) and Cipola et al. (2020). Dorsal chaetotaxy of thoracic and abdominal segments follows both Gisin's (1967) and Szeptycki's (1979) systems, and the notation of sensilla (specialized S–chaetae) on terga follows Zhang and Deharveng (2015).



2.3. Pseudosinella material for the study

The specimens of Pseudosinella used in this study were collected from 16 caves in the Western Carpathians, Slovakia (Table 1). We used two main methods to collect specimens: (1) visual searching and hand collection from cave walls, sediment, rotten wood, and the surface of standing water (small sinter ponds and puddles in mud), and (2) pitfall trapping with 4% formaldehyde solution or 95.6% ethanol as a fixative liquid. Traps were exposed to cave sediment for no longer than 5 months to minimize their negative impact on local arthropod communities.


TABLE 1 List of caves with Pseudosinella populations used for morphological and molecular studies.
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2.4. Molecular data analysis and species delimitation methods

A total of 87 Pseudosinella specimens from 16 caves in the Western Carpathians (see Supplementary Table S1) were analyzed in the molecular laboratories of the Institute of Entomology, Biology Center AS CR, Ceské Budějovice, Czech Republic, and the Department of Zoology, IBE FS UPJS, Košice, Slovakia.

To avoid contamination, all DNA laboratory work was performed under sterile conditions and using barrier tips. Total DNA was extracted using the Qiagen DNeasy Blood and Tissue Kit according to the manufacturer's modified protocol (see Parimuchová et al., 2017). A polymerase chain reaction (PCR) (Saiki et al., 1988) was performed with a reaction volume of 12.5 μl consisting of 1 μl template DNA (not quantified), 10 × PCR buffer (TopBio), 12.5 mM dNTP mix, 5 μM of each primer, and 0.125 units of Taq polymerase (TopBio) on a GenePro (Bioer Co., Ltd, China) thermal cycler. A fragment of the COI gene (660 bp) was amplified with the universal primers LCO1490 (5′-ggt caacaaatcataaagatattg g-3′) and HCO2198 (5′-taa act gggtgaccaaaaaat ca-3′; Folmer et al., 1994). Thermal cycling conditions were as follows: 94°C for 1 min followed by 37 cycles (94°C for 20 s, 47°C for 40 s, and 70°C for 50 s), followed by 1 min 30 s at 72°C. After verification on agarose electrophoresis, the reaction products were purified using Exo I/FastAP (Thermo Fisher Scientific). Sequencing of the purified products was performed using LCO1490 according to the Sanger method (SEQme s.r.o. in Dobris, Czech Republic). In cases where the primer did not produce a high-quality chromatogram, sequencing was performed with the reverse primer. Sequences were edited with Geneious Prime 2022.1.1 (Copyright © 2005–2022 Biomatters Ltd.) to remove unreadable short segments (~30 bp at the 5′ and 3′ ends). Because none of the sequences contained stop codons or indels in ORF, they were assumed to be true mitochondrial copies and not nuclear copies. All sequences were checked for their similarity to relatives of the family Entomobryidae using the GenBank BLASTn search (Mega Blast algorithm with the default setting). Sequences were aligned using Geneious Prime 2022.1.1 software (Copyright © 2005–2022 Biomatters Ltd.) according to the Muscle (Codons) algorithm using the Invertebrate Mitochondrial GeneCode and default parameters.

Species delimitation was performed using both barcoding gap and evolutionary models. A total of 87 COI sequences (length 609 bp) were used for analyses. FaBox (Villesen, 2007) was used to assemble the final set of DNA sequences into unique haplotypes. The Assemble Species by Automatic Partitioning (ASAP) method (Puillandre et al., 2021) used genetic distances to propose hypotheses about the species. The Kimura (K2P) model with default parameters was used to group sequences together.

The Poisson tree processes (PTP) model, used to delineate species based on the number of substitutions, was performed using online software (Zhang et al., 2013). Unique haplotypes were only used for this purpose. A maximum likelihood (ML) tree was derived using the auto-substitution model and a 1,000-ultrafast bootstrap analysis (Hoang et al., 2018) in the software IQ-TREE (Nguyen et al., 2015).

The estimation of divergence time was performed according to the scheme proposed by Katz et al. (2018) and Katz (2020). Input data were processed in BEAUTI v 2.6.7, and further analyses were performed in BEAST 2 (Drummond and Rambaut, 2007; Suchard and Rambaut, 2009) via the CIPRES Science Gateway (www.phylo.org; Miller et al., 2012). For molecular clock calibration, we used COI = 3.54%/Mya as recommended by Papadopoulou et al. (2010), Katz et al. (2018), and Katz (2020). bModelTest (Bouckaert and Drummond, 2017) was used to estimate the site model. A relaxed log-normal clock model was applied, with the clock rate parameter set to 0.0168 and the Yule process for speciation priorities. Analyses were run twice with an MCMC chain of 100 million generations (sampling every 10,000 generations). The ESS values (>200) and convergence were checked in Tracer 1.7.1 (Rambaut et al., 2018) with 10% burn-in. The tree with maximum clade reliability was created using TreeAnnotator v.1.4.7 (Drummond et al., 2012) and visualized in FigTree v 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/).

All new sequences are publicly available in GeneBank, and the accession number for each specimen is provided in Supplementary Table S1.

The research complied with the conditions of licenses No. 3102/2009-2.1, No. 7905/2013-2.3, and No. 2661/2017-6.3 of the Ministry of Environment of the Slovak Republic, Certificate of Competence according to Law No. 543/2002.




3. Results


3.1. Molecular species delimitation and divergence time estimation

A 609 bp fragment of COI was aligned for 87 Pseudosinella specimens from 16 caves. A total of 28 haplotypes were identified, including nine singletons (haplotypes represented by only one individual). We used two delimitation methods to define molecular operational taxonomic units (MOTUs) and combined them with morphological traits and geographic distribution to evaluate MOTUs at the species level (Figure 1). The ASAP method delimited eight MOTUs, and the best partition had an ASAP score of 1.0 (p < 0.1). The distribution of K2P distances showed a clear barcode gap, with haplotypes that diverged at a distance >9% belonging to a different species. The bPTP method estimated nine MOTUs with support ranging from 0.519 to 1.0, overestimating the ASAP delimitation (Figure 1). Pseudosinella aggtelekiensis, the species endemic to the Slovak and Aggtelek Karst (identified as AC, HCA, MC, and HRU), was well defined by ASAP, morphology, and geography, while bPTP recognized two distinct MOTUs within these populations. One of them inhabits Ardovská jaskyna Cave (AC), located at the edge of this geomorphological unit. Another known species, P. paclti, is well-defined by its morphology and distributed in three karst areas in the central Western Carpathians (VF, LT, and KC). Three different MOTUs were detected within the populations using both molecular methods. The MOTUs designated as JP, LJM, MAR, BOB, and ZLA were confirmed by both molecular methods. It is a highly troglomorphic new species Pseudosinella muranensis endemic to the caves of the Muránska planina Plateau and the neighboring Horehronské podolie Valley. The species is described below in the taxonomic part of the Results section under the scientific name P. muranensis (Kováč and Parimuchová). The delimitation analyses ASAP and bPTP resulted in three new Pseudosinella MOTUs supported by diagnostic morphological characters and geographical distribution. Thus, they represent new species, designated as Pseudosinella sp. 1, 2, and 3 (Figure 1, Table 2). Pseudosinella sp. 1 inhabits a small cryptokarst area of Devonian origin in the southern Western Carpathians, Pseudosinella sp. 2 was detected in a small and well-isolated karst area in the eastern part of the Western Carpathians. And finally, Pseudosinella sp. 3 was found in the Drienovská jaskyna Cave (DR) in the Slovak Karst, i.e., within the distribution range of P. aggtelekiensis. The geographic range of the studied Pseudosinella cave populations and their assignment to species based on integrative taxonomy is shown in Figure 2.


[image: Figure 1]
FIGURE 1
 Species delimitation of cave Pseudosinella with ML tree based on COI marker. The values above the branches are Bayesian posterior probabilities. Heteromurus nitidus (MT611220.1), Sinella curviseta (NC 042755.1), and Seira dowlingi (MW419950.1) were used as outgroups. The graph is supplemented with a species delimitation (ASAP and bPTP) based on morphological characteristics and geographic distance. S, Slovak karst; O, Ochtinský kryptokarst; B, Brekovský karst; VF, Velká Fatra Mts.; LT, Low Tatras Mts.; KC, Kozie chrbty Mts.; M, Muránska Planina; H, Horehronské podolie. For abbreviations of caves in parentheses, see Table 1.



TABLE 2 List of eyeless Pseudosinella with 32/0201+2 medial tergal macrochaetae on Th.II–Abd.IV segments.
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FIGURE 2
 Distribution of Pseudosinella taxa in the caves of the Western Carpathians as a result of the integrative taxonomy study. The yellow circles stand for the sampling locations, the spots for the karst areas: black-red, Velká Fatra and Low Tatras; purple, Muránska planina Plateau; dark-blue, Slovak karst; 1, Ochtinský kryptokarst with P. sp.1; 2, Brekovský karst with P. sp. 2; 3, Drienovská Cave in the Slovak Karst with P. sp. 3. Karst areas were digitally processed by P. Gažík.


The divergence time of the Pseudosinella phylogenetic tree was estimated using representatives of the family Entomobryidae as outgroups. Appropriate sequences of COI genes from mitogenomes deposited in GenBank were used for Heteromurus nitidus (MT611220.1), Sinella curviseta (NC 042755.1), and Seira dowlingi (MW419950.1; Figure 3). The graph (Figure 3) shows that two distinct Pseudosinella lineages—“paclti” and “aggtelekiensis”—diverged from the common ancestor during the Middle Miocene ca. 14.51 Mya, followed by subsequent diversification in the P. paclti lineage 10.89 Mya and P. aggtelekiensis lineage 11.14 Mya.


[image: Figure 3]
FIGURE 3
 Bayesian tree in BEAST 2 for the Pseudosinella populations from the Western Carpathians caves based on the COI marker (visualized by FigTree). The purple boxes around each internode correspond to the 95% confidence intervals of the divergence time for each branch of the Pseudosinella phylogeny. For illustration, the geologic time scale is shown below the phylogeny. The different karst areas are represented by triangles of different colors: the Muránska planina Plateau in pink, the Low Tatras in red, the Slovak Karst in dark blue, the Ochtinský kryptokarst in green, and the Brekovský karst in turquoise. Heteromurus nitidus (Het), Sinella curviseta (Sin), and Seira dowlingi (Sei) are used as outgroups. The value 3.54%/Myr was used for the calibration of the molecular clock. For abbreviations of caves, see Table 1.




3.2. Taxonomy—Description of the new species

Class Collembola (Lubbock, 1873)

Order Entomobryomorpha (Börner, 1913)

Family Entomobryidae (Schäffer, 1896)

Subfamily Lepidocyrtinae (Wahlgren, 1906)

Genus Pseudosinella (Schäffer, 1897)

Pseudosinella muranensis (Kováč and Parimuchová), new species

Figures 4–12

Pseudosinella paclti (Rusek, 1961)—Kováč et al. (2002)

Pseudosinella cf. paclti (Rusek, 1961)—Kováč et al. (2014)

Pseudosinella sp. 3—Kováč et al. (2016)

Pseudosinella sp.—Parimuchová et al. (2020)

https://zoobank.org/NomenclaturalActs/12BE12B0-154A-4A05-B59F-9A49BB683F8C


[image: Figure 4]
FIGURE 4
 Pseudosinella muranensis, general habitus of the new species. Jelenia priepast´, Muránska planina Plateau. Photo: L´. Kováč and A. Parimuchová.



3.2.1. Material

Type material. Holotype: Slovakia. ♀ on the slide (Nr. 204-00), Muránska planina Plateau, Bobačka Cave (680 m a.s.l.), Riečna chodba Passage, pitfall trap, 9 Nov. 2000, leg. L´. Kováč. Paratypes: Muránska planina Plateau, Bobačka Cave, 9 Nov. 2000, leg. L´. Kováč: eight ♀ and one ♂ on the slide (Nr. 204-00), one ♂ (Nr.: 205-00), three juveniles (Nr. 207-00), same data as holotype; one ♀ (Nr. 200-00) and one juvenile (Nr. 201-00), Koncový sifón Passage, pitfall trap, leg. L´. Kováč; one ♀ (Nr. 214-00), Vel´ryba Passage, pitfall trap, one ♀ (Nr. 200-00); six ♀ and three ♂ (Nr. 175-00), hind part, hand collecting, 5 Oct. 2000, leg. L´. Kováč and P. L´uptáčik; one ♀ and one ♂ (Nr. 422-11), Chodba tušenia Passage, 5 Sep. 2011, leg. L´. Kováč.

Other materials.

Muránska planina Plateau, Jelenia priepast´ Abyss (1,070 m a.s.l.): Biely dóm Hall, four ♀ and two specimens with undetermined sex (Nr. 561-11), central part, hand collecting on rotten wood, 2 Sep. 2011, leg. L´. Kováč; Sien pagody Hall, nine ♀ and two specimens with undetermined sex (Nr. 117-18), hand collecting on the surface of sinter pool, 18 May 2018, leg. A. Parimuchová;

Muránska planina Plateau, Zlatnica Cave (940 m a.s.l.): hind hall, 11 ♀ and two juveniles (Nr. 232-18), hand collecting on rotten wood, 14 June 2018, leg. L´. Kováč, V. Papáč, A. Mock, P. L´uptáčik, A. Parimuchová; second hall, two ♀ (Nr. 233-18), hand collecting of surface of the water pool, 14 June 2018, leg. A. Mock; entrance part, one ♀ and one ♂ (Nr.87-09), hand collecting on stony debris, 1 Oct 2009, leg. V. Papáč; Antifa Hall, four ♀ (Nr. 85-09), pitfall trap, four ♀ (Nr. 69-09), hand collecting on sediment, two ♀ and one ♂ (Nr. 70-09), hand collecting on rotten wood, Oct 2009, leg. V. Papáč; SNP Hall, eight ♀ (Nr. 23-09), hand collecting on rotten wood, 21 May 2009, leg. V. Papáč;

Muránska planina Plateau, L´adová jama na Muráni (Studna) Cave (1,165 m a.s.l.), three ♀ and one juvenile (Nr. 273-19), hand collecting on rotten wood, 3 June 2019, leg. A. Parimuchová; one ♀ (Nr. 61-08), hand collecting on rotten wood, 7 July 2008, leg. V. Papáč;

Muránska planina Plateau, Dielik Cave (570 m a.s.l.), Hall of fossils, three ♀ (Nr. 4-10), hand collecting on clay, one ♀ (Nr. 3-10), hand collecting on surface of water pool, 5 Jan. 2001, leg. V. Papáč;

Horehronské podolie, Márnikova jaskyňa Cave (770 m a.s.l.), six ♀ and 16 juveniles (Nr. 237-18), hand collecting on speleothems, 14 June 2018, leg. V. Papáč, A. Parimuchová; three ♀ (Nr. 240-18), pitfall trap, 13 March 2018, leg. J. Lakota.

All material is deposited in the IBE FS UPJS.



3.2.2. Description

Diagnosis: Eyes and pigmentation are absent. Diagnostic characters sensu Gisin (1967): (1) labium with basal chaetae as m1m2rel1l2, chaeta r minute, all labial chaetae smooth, (2) basic pattern of dorsal macrochaetae as R1R2221/32/0201+2, with number of cephalic macrochaetae M-S-Pa varying as 221 or 111, (3) chaetal pattern of Abd. II tergum pABq1q2, and (4) supplementary chaeta s anterior to trichobothrium on Abd. IV present; labral chaetae smooth; postlabial part of head and Abd. II–V terga with numerous additional ciliated mesochaetae; posterior macrochaetae of Abd. IV–V distinctly elongated; antennal segments I, II, and postlabial part of the head with conical microchaetae cm; unguis distinctly elongated, internal and lateral teeth absent, and basal teeth strongly reduced; external lamella of unguiculus is smooth; tibiotarsal tenent hair short and acuminate; trochanteral organ on leg III with 10 smooth microchaetae; and mucro with distinctly elongated apical teeth.

Habitus: General habitus as in Figure 4; Body length 2.1–2.4 mm (head 460 μm, thorax 550 μm, and abdomen 1,340 μm); White, without traces of pigmentation; Scales on antennae and legs absent, ventral side of manubrium with scales.

Head: Eyes absent; basic pattern of dorsal mac: A2, A3, M1, M2, S2, S3, and Pa5 that is R1R2221 sensu Gisin (1967), or R1R2111 (see Variability); An1–3 as mesochaetae and An4–8 as macrochaetae; Ocular area with mic p; Trichobothrium (Pa6) 50 μm long (Figure 5); Chaetotaxy of clypeus not seen well. Labrum with 4 prelabral and 5, 5, 4 labral chaetae, all smooth (Figure 6B); papillae on labral edge not differentiated; Pattern of basal chaetae on labium with m1m2rel1l2 (sensu Gisin, 1967; Figure 6A), chaeta r minute, all chaetae of labial triangle smooth; Outer maxillary palp with one basal chaeta and three smooth sublobal hairs; Labial papilla D (sensu Fjellberg, 1999) with three guard chaetae, papilla E with finger-shaped lateral process, barely reaching the top of papilla and four guard chaetae; Postlabial part of head plurichaetotic, chaetae mostly ciliated, except for four smooth chaetae in G-row and smooth chaeta J1; two ciliated chaetae in b.c. position; and three chaetae cm situated apically.


[image: Figure 5]
FIGURE 5
 Pseudosinella muranensis, chaetotaxy of the head (sensu Soto-Adames, 2010). Trichobothria Pa6 drawn in full length.



[image: Figure 6]
FIGURE 6
 Pseudosinella muranensis. (A) Labium with postlabial chaetae (enlargement of microchaeta on the left); (B) Labrum.


Antennae: Length ratio of antennae and head diagonal (measured from apex of the labrum to posterior edge of head) 20.9; Relation of antennal segments I–IV as 1:2.2:2:3.5 (holotype); Ant. I with a ventral group of up to 20 slightly curved microsensilla and an external group of about 5 conical microchaetae (Figure 7C); External side of Ant.II with numerous curved sensilla, slightly curved microsensilla, and several conical microchaetae; distally with a dorso-external group of 5 leaf-shaped sensilla (Figure 7A); Antennal segments I and II with conical microchaetae cm; Ant. III organ with two thick leaf-shaped sensilla partly behind a cuticular fold, two thin guard sensilla, and 1 microsensillum (Figure 7B); Ant. III segment with numerous thin and curved sensilla, numerous straight microsensilla, and several cm on its dorsal side (Figure 7D); Ant. IV dorsally with seven types of chaetae: numerous long and thin blunt-tip sensilla, thick and band sensilla, smooth thin acuminate sensilla, six leaf-shaped sensilla at external side of segment, short spine-like chaetae, many ciliated mesochaetae, and apically one dorso-external modified chaeta (type a according to Cipola et al., 2020) apical bulb absent (Figure 7E).
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FIGURE 7
 Pseudosinella muranensis, antennal segments I–III. (A) Apical part of right Ant.II (lateral view, all five sensilla shown); (B) Apical part of right Ant.III with AOIII (lateral view); (C) Right Ant.I (ventro-lateral view); (D) type of chaetae on Ant.I–III; (E) apical part of right Ant.IV with enlargement of subapical chaeta (empty circles—ciliated Mac, full dots—long thin sensilla).
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FIGURE 8
 Pseudosinella muranensis, foot complex of leg I. (A) Shorter type from Bobačka Cave (1:2.3); (B) Longer type from Jelenia priepast´ Abyss (1:3); (C) DIC contrast image.


Thorax and abdomen: Dorsal mac formula from Th. II to Abd. IV sensu Gisin (1967) 32/0201+2; Th. II with 3 mac, 1 sensillum al, and 1 microsensillum ms in anterolateral position; Th. III with 2 mac and S-chaeta al, S-chaeta ms absent.

Abd. I with lateral S-chaeta ms; Chaetotaxy of Abd II–III as in Figure 9A; Chaetal pattern of Abd. II between 2 dorso-medial trichobothria (m2, a5) pABq1q2 sensu Gisin (1967); sensu Szeptycki (1979) as p = a2p, A = a2, B = m3, q1 = m3e, and q2 = p4; Chaeta d3 on Abd III absent; Chaetotaxy and trichobothrial complex of Abd IV in 1st instar, juvenile, and adult developmental stages as in Figures 10, 11. Mac B5, B6, C1, D3, E2, E3, E4, and F1 are thick and long with broad sockets, and B5, B6, and D3 are extremely elongated (350 μm); Numerous thinner mac with smaller sockets: A1, A1', A4, B4, C4, T5, T7, Te7, D2, De1, De3, E1, E4p2, F2, F2p, F3, F3p, Fe4, and 3 chaetae in r row; Abd IV with 4 fan-shaped supplementary chaetae anteriorly to anterior trichobothrium T2: D1, s, a, m; Numerous ciliated mesochaetae associated with longitudinal T-row of chaetae with two trichobothria (T2, T4); Two as and 1 ps S-chaeta, long dorsal S-chaetae on Abd. IV absent. Dorsal chaetotaxy of Abd V as in Figure 9B. Three S-chaetae present, as, accp4, and accp5; seven thick mac on each side, m2, m3, and m4 extremely elongated (237.5 μm), and 1 unpaired mac p0.


[image: Figure 9]
FIGURE 9
 Pseudosinella muranensis, chaetotaxy of Abd.II–III and Abd V. (A) Abd.II–III terga sensu Soto-Adames (2010), in parentheses sensu Gisin (1967). The additional chaetae are marked with an asterisk; (B) Abd.V tergum. Red squares, long Mac (for symbols see legend in Figure 11).



[image: Figure 10]
FIGURE 10
 Pseudosinella muranensis, chaetotaxy of Abd.IV tergum in 1st instar and juvenile. Upper left—legend to the symbols used in the schemes.



[image: Figure 11]
FIGURE 11
 Pseudosinella muranensis, chaetotaxy of Abd.IV terga in adults, enlargement of the area with accessory chaetae (right).


Length of trichobothria: Head: p6–50 μm; Abd. II: m2–100 μm, a5–115 μm; Abd. III: m2–275 μm, a5–300 μm, m5–115 μm; Abd. IV: T2–350 μm, T4–125 μm.

Tubus ventralis with scales, with 5–7 subequal ciliated chaetae on the anterior side and 10–12 subequal ciliated chaetae on the posterior side; lateral side with around 10 ciliated and 2 smooth chaetae apically per half (Figure 12B).
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FIGURE 12
 Pseudosinella muranensis, (A) Manubrium, dorsal chaetotaxy of apical part; ps, pseudopores; (B) Chaetotaxy of ventral tube (antero-lateral view); (C) Male genital plate with testiculus and ductus ejaculatorius (phase–contrast image); (D) Mucro and apical part of dens, lateral view (DIC contrast image).


Legs: Legs with scales; Subcoxa I with 3–4 chaetae and 2 psp; subcoxa II with a-row of 5–6 chaetae, p-row with 4 chaetae, and 2 psp; subcoxa III with a row of 6 chaetae and 2 posterior psp; Trochanteral organ on leg III with up to 10 thin and smooth spine-like chaetae distributed in V-shaped pattern; Internal edge of Ti. I–III with numerous thick acuminate ciliated chaetae approximately as long as claw, external edge with 0,1,1 long mac (more than three times the Ti. width) with a blunt apex; Tibiotarsal tenent hair short and acuminate; Supraempodial chaeta on Ti. III smooth and acuminate, ratio of supraempodial chaeta/unguiculus around 0.9; Unguis and unguiculus as in Figure 8; Unguis narrow and distinctly elongated; Internal and lateral teeth absent, basal teeth strongly reduced: external tooth strong and internal minute; Ratio pretarsus width/unguis length from 1:2.3 to 1:3.1; Unguiculus lanceolate, broad, tapering strongly toward apex; lamellae smooth and without teeth.

Furca: Manubrium ventrally with scales and 2 + 2 terminal ciliated chaetae; Dorsal manubrial plate without scales, with 2 larger inner chaetae and 2 chaetae external to 2 psp, all ciliated (Figure 12A); Length of the not ringed apical part of dens about 1.5 times the length of mucro; Mucro with distinctly elongated anterior tooth; mucronal basal spine short, not reaching the tip of anteapical tooth (Figure 12D); Ratio manubrium/dens/mucro as 7:9:1.

Both sexes are known. Male genital plate, testiculus, and ductus ejaculatorius are shown in Figure 12C.

Etymology: The species is named after the Murán region in central Slovakia, where the karst area of the Muránska planina Plateau is located.

Variability: A total of 16 specimens were examined for the pattern of the dorsal mac on the head. The pattern R1R2221 (M1, M2, S2, S3, Pa5) was observed in 13 specimens, R1R2111 (M1, S2, Pa5) in one specimen, and a left-right asymmetry 111 vs. 011 in mac numbers was observed in two specimens.

Habitat characteristics: The species inhabits a deep zone of caves of the Muránska planina Plateau with stable microclimatic conditions, characterized by absolute humidity and relatively low air temperature of 5.5–6.5°C. It was observed in numerous specimens on rotten wood, scattered bat guano, and on the water surface of small sinter pools or puddles in cave mud. It was also frequently sighted on sinter decorations with percolating water.



3.2.3. Taxonomic remarks

Pseudosinella muranensis n. sp. exhibits a combination of morphological characters that represent a high degree of adaptation to deep subterranean habitats:

(1) Relatively large body size (up to 2.4 mm),

(2) Absence of eyes and pigmentation,

(3) Smooth labral and labial chaetae,

(4) Number of medial macrochaetae on terga from head to Abd.IV essentially as R1R2221/32/0201+2 sensu Gisin (1967),

(5) Plurichaetotic postlabial part of head and Abd. II–V terga, with numerous additional ciliated mesochaetae, associated with longitudinal T-row of chaetae on Abd. IV,

(6) Extremely elongated macrochaetae on Abd. IV-V,

(7) Extremely elongated trichobothria m2 and a5 on Abd. III and T2 and T4 on Abd. IV,

(8) Ant. I–II and postlabial part of the head with conical microchaetae cm,

(9) Foot complex with distinctly elongated unguis, internal and lateral teeth absent, basal teeth much reduced, unguicular lamellae smooth,

(10) Short and acuminate tibiotarsal tenent hair,

(11) Distinctly elongated apical teeth on mucro.

The diagnostic characters of the eyeless Pseudosinella representatives are similar to P. muranensis n. sp. with the common formula of the medial macrochaetae on Th.II–Abd.IV as 32/0201+2 sensu Gisin (1967) are listed in Table 2. It is noteworthy that all these congeners share two other common features: (1) European distribution and (2) the chaetotaxy formula of Abd.II sensu to Gisin (1967) as pABq1q2. Furthermore, most of them are cave dwellers with endemic distributions restricted to caves/cave systems confined to small geographic areas. Combining R221 macrochaetae on the head and the labial triangle formula as m1m2rel1l2, the new species is most similar to Pseudosinella pyrenaea (Bonet, 1931) sensu Beruete et al. (2002). Pseudosinella pyrenaea occurs in five caves in the northern part of the Navarra region, Spain, suggesting the convergent evolution of the subterranean taxa. The new species also resembles P. paclti (Rusek, 1961), but this species differs, among other characters, in the formula of the labial triangle M1m2rEL1L2 and the shape of the foot complex. The differences in important characters between Western-Carpathian relatives are provided in Table 2. Another apparently troglomorphic species, P. aggtelekiensis, differs from these congeners mainly in the macrochaetotaxy of the Abd.IV tergum. With respect to Gisin's nomenclatural system, this species is characteristic of the macrochaetae formula R111/32/0201+3 and the labial triangle setae M1M2reL1L2. Among other features, it also has a characteristic shape of the foot complex (Kováč and Rusek, 2012).



3.2.4. Geographic distribution

Pseudosinella muranensis n. sp. is a short-range endemic species, whose distribution is restricted to the Muránska planina Plateau in the central Western Carpathians. This small karst has an area of 420 km2 and hosts ~500 caves (Bella et al., 2018).

Figure 13 shows the distribution of the highly troglomorphic Pseudosinella representatives in Europe. Their placement in this category was judged essentially by the shape of the foot complex and the shape of the mucro, and the selection follows Deharveng (1988), Deharveng and Thibaud (1989), and Christian (2002).

(1) Picos de Europa

Pseudosinella chapmani Gama, 1979; Santander, Spain;

(2) Pyrenees

Pseudosinella bessoni Deharveng, 1988; Grotte du Pic d'Orby, Atlantic Pyrenees, France;

Pseudosinella cabidochei Deharveng, 1986; Gouffre de la Pierre Saint-Martin, Atlantic Pyrenees, France;

Pseudosinella unguilonginea Jordana and Beruete, 1983; Navarra, Atlantic Pyrenees, Spain;

(3) Massif Central

Pseudosinella kersmaekersi Stomp, 1974; Grotte du Peintre, Grands Causses, Massif Central, France;

(4) Alps

Pseudosinella carthusiana Gisin, 1963; Grotte du Guiers-vif, Grande-Chartreuse, France;

Pseudosinella salisburgiana Gisin and Gama, 1969; Eisriesenwelt, Totengebirge and Schenkofen cave, Hagengebirge, Austria;

Pseudosinella aueri Gisin, 1964; Almberghöhle, Styria, Austria.
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FIGURE 13
 Distribution of the highly troglomorphic Pseudosinella representatives in Europe. Red dots represent localities, the black ellipse represents the Western Carpathians. (1) Picos de Europa; (2) Pyrenees; (3) Massif Central; (4) Alps (background map from gifex.com).


It is evident that the distribution of these forms correlates with the “mid-latitude biodiversity ridge in terrestrial cave fauna” defined by Culver et al. (2006), which includes the main mountain ridges from the Pyrenees to the Alps. The discovery of P. muranensis highlights the biogeographic importance of the Western Carpathians for the evolution of invertebrates highly adapted to a subterranean environment.





4. Discussion


4.1. Integrative taxonomy and phylogeny of the cave Pseudosinella populations

Cave-dwelling springtails provide excellent material for the study of adaptation (Christiansen and Culver, 1968). Our study of the Pseudosinella populations in the caves of the Western Carpathians, in which we took an integrative taxonomy approach, was primarily aimed at answering the question of whether this geologically complex area in Central Europe harbors ancient cave lineages, whose origin may predate the Quaternary. We also wanted to understand the importance of this area for the evolution of the highly adapted subterranean fauna.

As a first step, we examined the morphological characters of local Pseudosinella populations. Some characters are obviously unstable, such as the relative length of the antennae, and the relative length and shape of unguis that could be an expression of phenotypic plasticity. In contrast, macrochaetotaxy of the terga and labial chaetotaxy are considered complex, stable characters traditionally used for species diagnosis in Pseudosinella (Gisin, 1964, 1967; Soto-Adames, 2010). Recently, Zhang and Deharveng (2015) drew attention to the chaetotaxy of tergal sensilla (pattern of S-chaetae) as a powerful tool for revealing the phylogeny and systematics of the family Entomobryidae, which also seems to be very useful for the taxonomy of Pseudosinella. In the description of P. muranensis, we adopted the approach of Szeptycki (1979) for a detailed study of postembryonic development of tergal chaetotaxy in abdominal segments IV and V from the first instar to the adult stage. This approach helped us characterize the chaetotaxy complexity and assess the degree of adaptation to the cave environment. In this highly troglomorphic species, we observed the multiplication of ordinary ciliated chaetae on the last abdominal terga instead of the simplification of chaetotaxy seen in edaphic Pseudosinella counterparts such as Pseudosinella alba (Packard, 1873) (Szeptycki, 1979). The enormous elongation of anterior trichobothria on abdominal segments III–IV and posterior macrochaetae on abdominal segments IV–V is very characteristic of this newly described species.

In the molecular section, we identified eight to nine Pseudosinella MOTUs using barcoding-gap (ASAP) or evolutionary (bPTP) delimitation analyses, corresponding to observed differences in morphological characters among cave populations and their degree of geographic isolation. Populations of P. aggtelekiensis geographically confined to the Slovak-Aggtelek karst unit were also supported by ASAP and morphology. However, the bPTP method suggested two distinct MOTUs within this clade, one of which specifically inhabits Ardovská Cave (AC). This is likely a result of the isolation of the local population from the other four populations due to distance, specifically the 18.4 km (11.4 miles) to the nearest Hrušovská Cave (HRU) population in the same clade. To get a better idea, the five P. aggtelekiensis populations were located 7.7–37.7 km (4.8–23.6 miles) from the type locality, the Domica-Baradla Cave System. Based on morphology, the populations from the central Western Carpathians (Velká Fatra, Low Tatras, and Kozie chrbty Mts.) belonged to P. paclti, originally described from the Demänová Cave System in the Low Tatras. The four P. palcti populations were located 1.7–45.2 km (1.1–28.3 miles) from the type locality. However, both molecular delimitation methods signaled the presence of two other MOTUs in two caves of the Kozie chrbty Mts. At the moment, we are not able to distinguish these taxa morphologically, nor can we explain this sympatric pattern of MOTUs. The populations of P. muranensis, morphologically strongly adapted to caves, described in this work formed a compact clade, well-supported by molecular and morphological criteria, as well as by the geographic location of the caves in the Muránska planina Plateau in the central Western Carpathians. We also found three undescribed Pseudosinella species. The first is restricted to the Ochtinská aragonite Cave (SK) in a small area of isolated cryptokarst of Devonian origin in southern Slovakia. The populations of the second species, on the other hand, are endemic to the Brekovský kras Karst, a small and well-isolated karst area in eastern Slovakia. The third species was found in the Drienovská jaskyňa Cave (DR) in the eastern part of the Slovak-Aggtelek Karst, but not in sympatry with P. aggtelekienesis, which is characteristic of caves in this karst unit. All three species are well supported by both molecular and morphological delimitation criteria. The subterranean Pseudosinella from the Western-Carpathian caves were allocated into two main lineages: (1) the “paclti” lineage, restricted to the central Western Carpathian, and (2) the “aggtelekiensis” lineage, confined to the southern karst areas of the Western Carpathians. Thus, our study supports the main conclusion of Soto-Adames (2002) that several morphological characters traditionally used for species diagnosis in the genera Pseudosinella and Lepidocyrtus are very conservative indicators of genetic divergence and have a strong phylogenetic signal.



4.2. Troglomorphy in the Western-Carpathian Pseudosinella

Troglomorphisms represent a set of characteristic morphological modifications that are among the most peculiar adaptations of animals to a deep subterranean environment and occur in many phylogenetically unrelated groups of organisms (Christiansen, 1961, 1992; Deharveng and Bedos, 2018; Ribera et al., 2018). Therefore, morphological convergences may have evolved independently in different Pseudosinella lineages (Christiansen, 1992).

In terrestrial cave invertebrates, these modifications are divided into (1) regressive traits, such as reduction of eyes and body pigment, and (2) constructive traits, such as enlargement of the body, elongation of appendages, and claws on the legs. Collembola exhibits a great diversity of regressive troglomorphic traits, which results in high taxonomic diversity of troglobiotic forms in this group (Deharveng and Bedos, 2018). In addition, Collembola shows a number of specific constructive troglomorphic modifications such as hypertrophy and multiplication of antennal sensilla, and enlargement of paired sensilla in the Ant. III organ, elongation of unguis, reduction and basal shift of the two internal unguicular teeth, regression of the tenent hairs on the tibiotarsi, and elongation of the distal mucronal tooth (Christiansen and Culver, 1987; Deharveng, 1988; Christiansen, 2012).

It is important to note that each troglomorphic trait evolves independently within the cave lineages (Deharveng and Bedos, 2018). For example, anophthalmy without elongated appendages is common in the cave and edaphic species, whereas some cave species are oculate and weakly pigmented but have elongated appendages, e.g., Pseudosinella theodoridesi (Gisin and Gama, 1969), which inhabits caves in Haute-Garonne and Ariége in France. As Deharveng and Bedos (2018) pointed out, extreme appendage elongation is not necessarily accompanied by extreme elongation of unguis, and these differences in evolutionary changes result in complex patterns of troglomorphy. Indeed, patterns of troglomorphy are determined by the characteristics of the microhabitat that species inhabit (Deharveng, 1988; Lukić et al., 2018). The elongation of the unguis is clearly an advantage for locomotion over moist substrates or open water; this trait is also typical of aboveground Collembola inhabiting aquatic biotopes (Christiansen, 1961). However, the shape of the foot complex can vary within populations of the same Pseudosinella species (Soto-Adames, 2010). Christiansen and Culver (1987) defined three stages of troglomorphy seen in cave Entomobryinae. The newly described P. muranensis apparently shows a high level of troglomorphy with distinct morphological adaptations to a cave environment.



4.3. Distribution pattern of cave Pseudosinella

The distribution pattern of cave Pseudosinella in the Western Carpathians follows one of the basic scenarios whereby aboveground species that colonize subterranean habitats can undergo adaptive radiation and become endemic to a cave system (Christiansen and Culver, 1968). Christiansen and Culver (1987) demonstrated a clear biogeographic pattern of decreasing geographic range with increasing troglomorphy in Pseudosinella species in caves of eastern North America, which can be explained by the assumption that increasing troglomorphy decreases dispersal ability. Apparently, parallel speciation occurred in the Western Carpathians, with morphologically similar species evolving independently in different caves, in response to a common selective pressure according to the evolutionary scenario described by Christiansen (1961, 1992). Patterns of genetic differentiation in troglobionts are likely driven primarily by isolation due to physical barriers and reflect vicariant speciation (Katz et al., 2018). This is because obligate cave invertebrates have very limited dispersal abilities and thus have limited ability to migrate between caves; as a result, they may display extreme genetic divergence even across small areas (e.g., Balogh et al., 2020). We observed sympatry of two troglobiotic Pseudosinella in only two caves in the Kozie Chrbty Mts., which are among the northernmost sites with troglomorphic invertebrates in Europe (Kováč et al., 2014). This essentially allopatric distribution pattern of Pseudosinella in the Western Carpathians suggests that isolation was the main driving force for the evolution of local lineages. Such a distribution indicates the absence of recent and historical gene flow and supports the idea of speciation by vicariance at the time of habitat colonization (Guzik et al., 2021). On the other hand, the co-ocurrence of multiple troglobiotic species as a result of subterranean adaptive radiation would support the “cave as island” hypothesis (Culver and Pipan, 2009).

In our study, a highly troglomorphic species P. muranensis belonging to the “paclti” phyletic lineage was discovered. It inhabits caves in the Muránska planina Plateau, a small karst area in the central Western Carpathians. Pseudosinella aggtelekiensis (Stach, 1929), a species with advanced troglomorphy, is also a short-range endemic, confined to most caves of the Slovak and Aggtelek Karst in the southern part of the Western Carpathians. In contrast, P. paclti and three undescribed species of the P. aggtelekiensis–group (sp. 1, 2, and 3) occur in more or less “peripheral” karst areas. Thus, this pattern is basically consistent with the concept of adaptive novelty, according to which more troglomorphic Pseudosinella forms in caves in the eastern USA tend to be distributed in the center of the area and less troglomorphic ones in the periphery (Christiansen and Culver, 1968, 1987). This pattern is also confirmed by the distribution of the highly troglomorphic collembolan Deuteraphorura muranensis (Parimuchová and Kováč, 2020) (fam. Onychiuridae), which is also endemic to the small karst area of the Muránska planina Plateau in the central part of the Western Carpathians Mts. It has the most pronounced troglomorphic traits of all known subterranean Deuteraphorura congeners (Parimuchová et al., 2020). The local caves studied are situated at elevations above 700 m and have relatively low internal air temperatures (Table 1), conditions comparable to other mountain caves in the surrounding regions. The long-term historical isolation of the local karst may be a clue to this unusual distribution pattern of highly troglomorphic taxa, despite its partial connection with the neighboring karst areas of Tisovský kras in the southwest and Slovak Paradise in the northeast, both of which are composed of the same Triassic limestone formations.

The distribution of three undescribed Pseudosinella species in southern karst areas contradicts the observation of Christman et al. (2005) that single-cave endemism is not high in isolated cave areas on the periphery. To obtain an overall picture, it is important to note that troglomorphic Pseudosinella representatives do not occur in the karst of the Tatras Mts. that form the northern ridges of the Western Carpathians (Kováč et al., 2016). The general pattern of a few terrestrial troglobionts in the northern karst areas of Western Carpathians is usually explained by the proximity to continental glaciers during the Pleistocene glacial events.

The distribution of troglomorphic Pseudosinella in Europe, their low diversity, and the absence of highly troglomorphic forms in the rest of the Carpathians (Ukraine, Romania) suggest a possible colonization of the Western Carpathians by an ancestral lineage from the Eastern Alps. However, a thorough integrative study of Pseudosinella populations from these areas is needed to clarify this assumption. The diversity of cave representatives of this genus in the Balkan Peninsula is still unclear, and so far no highly troglomorphic Pseudosinella species is known from the Dinaric caves (Lukić and Deharveng, 2008).



4.4. Divergence time of the subterranean Pseudosinella lineages

In general, many subterranean taxa apparently represent old phylogenetic lineages that have persisted for long periods in subterranean refugia (Gibert and Deharveng, 2002; Holsinger, 2012). The distribution range size of a subterranean animal is a good indicator of the age of its lineage, and increasing troglomorphy suggests increasingly earlier times of initial cave colonization (Christiansen and Culver, 1987; Christian, 2002). However, as Trajano (2007) noted, there are limitations of using troglomorphy to estimate phylogenetic age because of the complexity of the mechanisms underlying morphological differentiation, i.e., a complex balance among various genetic, ecological, and biological factors that produce the actual divergence rates. The evolution rate of a troglomorphism may depend on the environment or way of life of a species and its ancestors. For example, old species may be less troglomorphic than younger ones if they have a slower rate of phenotypic evolution (Pipan and Culver, 2012; Ribera et al., 2018).

It is also considered that a putative ancestral species is no longer found near the distributional ranges of troglomorphic species (Christiansen, 2012). However, this assumption still needs to be supported by a molecular study of the cave and edaphic populations of Pseudosinella (and edaphic populations of Lepidocyrtus) in terms of their phyletic relationships to reveal the evolutionary scenario of these lineages in the Western Carpathian, which is indeed a challenging task.

Estimating the divergence time of the phyletic lineages of Pseudosinella populations was one of the main objectives of the present study. Soto-Adames (2002) applied 2.3% sequence divergence per million years as the most commonly used calibration for the COI molecular clock in the Lepidocyrtus/Pseudosinella complex. In this study, we calibrated the divergence time according to Katz (2020), who estimated relative substitution rates in the COI unit inferred by Bayesian analysis over a topologically constrained phylogeny of Hexapoda using a relaxed molecular clock model. Rates for Collembola were not significantly different from the average rate or from rates estimated for most other groups compared. This suggests that clocks calibrated using “universal” insect rates may be appropriate for estimating evolutionary time scales in this group.

The troglomorphic Pseudosinella populations of the Western Carpathians occur exclusively in karst caves developed in Triassic limestone formations of marine origin, suggesting that the geological history of the area had a crucial role in the formation of their present distribution pattern. The phylogeny study of the genus Pseudosinella (Hexapoda, Collembola) in the Western Carpathian caves revealed an initial split of an ancient lineage in the Middle Miocene into lineages “paclti” and “aggtelekiensis,” with the common ancestor colonizing the area about 14.5 Mya. This finding thus supports our assumption that the local troglomorphic Pseudosinella populations are descendants of ancient lineages originating before the Quaternary (Kováč et al., 2016). Indeed, the history of a site has a major influence on the history of a lineage, as the characteristics of past environments (e.g., geological setting, contemporary global climate, and biotic composition) have significantly influenced the survival, dispersal, and diversification of phylogenetic lineages that occurred at these sites (Lomolino et al., 2010).

Undoubtedly, the initial diversification within the collembolan genus Pseudosinella in the Miocene was associated with complex geological (tectonic) events in the Paratethys region. This is consistent with the uplift of Triassic limestones during the early formation of the Western Carpathians (Popov et al., 2004) and most likely also with the initial development of caves during this time. Continentalization of Europe during the Neogene, triggered by the Alpidic orogeny and the simultaneous retreat of the Paratethys Sea, led to isolated evolution and an increase in the endemicity of the entire local biota (Neubauer et al., 2015). The central Western Carpathians formed an island in the Paratethys during the Burdigalian and Langhian stages of the Miocene, which ranged from 20.4 to 13.6 Mya (Kováč et al., 2017). This long-term isolation undoubtedly led to the independent evolution of the local biota after previous colonization of the territory by lineages from southern European orogenic units (e.g., Kováč, et al. 2014; Haase et al., 2021). The onset of cooling of the contemporary global climate, known as the Middle Miocene Climatic Transition—MMCT (Methner et al., 2020), could promote the colonization of deep subterranean spaces by edaphic invertebrates. Similarly, the large number of Pseudosinella subterranean species recorded in the subterranean calcretes of Western Australia is also explained by more rapid climatic changes in history (Guzik et al., 2021). The overall phylogenetic history of the genus Pseudosinella is likely longer than shown in our study and extends back to the Oligocene, indicating independent diversification of certain lineages from more than one ancestor and presumed polyphyly of the entire genus, similar to that observed by Guzik et al. (2021). Indeed, the phylogeny of Pseudosinella reflects the paleogeographic context. For example, all eyeless relatives with an identical number of dorsal macrochaetae from thorax to abdomen, 32/0201+2 sensu Gisin (1967), are European representatives (Table 2).

In their synthesis of the richness of European troglobionts, Culver et al. (2006) assessed the part of Central Europe north of the Dinaric Mountains as an area with very few or no troglobionts, and the reduction in the number of these forms was largely considered to be the result of Pleistocene glaciation events (e.g., Deharveng et al., 2012). However, our study highlights the biogeographic importance of the Western Carpathians as a major speciation center of troglomorphic troglobionts, located at their northern distribution limit in Europe. Not only do highly troglomorphic taxa occur here but the diversity of troglomorphic obligate cave invertebrates includes more than 20 terrestrial species with endemic distribution (Kováč et al., 2014). The palpigrade Eukoenenia spelaea (Peyerimhoff, 1902), the pseudoscorpion Neobisium slovacum (Gulička, 1977), the rhagidiid mite Foveacheles troglodyta (Zacharda, 1988), the millipede Hylaebainosoma gulickai (Tajovský et al., 2014), and the collembolans Megalothorax tatrensis (Papáč and Kováč, 2013), D. muranensis (Parimuchová and Kováč, 2020), P. aggtelekiensis (Stach, 1929), Neelus koseli (Kováč and Papáč, 2010), and a newly described Pseudosinella species are among the local taxa that are very well adapted to the cave environment.

We are aware of certain limitations of the present study. Further studies with larger population datasets and incorporating of additional molecular markers may shed more light on the questions of subterranean biodiversity and phylogeny of the genus Pseudosinella and the complexity of troglomorphic adaptations in relation to cave microhabitat structure. Subterranean collembolans of the genus Pseudosinella are indeed suitable organisms for studies of evolutionary processes and population genetics, and the same approach can be extended to other subterranean taxa distributed in the Western Carpathians, on the northern European frontier of troglomorphy.




5. Conclusion

The present integrative taxonomic study focused on the subterranean populations of the genus Pseudosinella (Hexapoda, Collembola) inhabiting caves in the Western Carpathians in Central Europe. Eight to nine molecular operational taxonomic units (MOTUs) were identified, three of which are undescribed species.

In addition to the typical troglomorphic characters, the newly described subterranean species P. muranensis is characterized in the adult stage by a multiplication of the common chaetae on the last abdominal terga, which is probably a common feature of the highly troglomorphic conspecifics. The species is endemic to a small karst area in the central Western Carpathians documenting the short-range distribution pattern of highly evolved troglomorphisms.

Age calibration of the Pseudosinella phylogeny in the Western Carpathian caves indicates diversification of the ancient Lepidocyrtus/Pseudosinella lineage in the Middle Miocene, supporting our hypothesis that local troglomorphic Pseudosinella populations are of ancient, pre-Quaternary origin.

Moreover, our study supports the assumption that morphological characters traditionally used in species diagnosis in the genus Pseudosinella are conservative indicators of genetic divergence.

Finally, this study highlights the role of the Western Carpathians as an important speciation center of the troglomorphic subterranean fauna at the northern distributional limit in Europe.
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(1972)
tarraconensis Bonet, 1929 sensu Gisin and Gama Cave ™ ES RI11 mymgrel;l,
(1972)
unguiculata Bonet, 1929 sensu Gisin and Gama Cave HTM? ES RI11 mymorel;l,
(1972)
melatensis Gisin and Gama, 1969 Cave ™ F R211 M,myrel,l,
oxybarensis Gisin and Gama, 1969 Cave ™ F R211 mymyrel, 1,
Jjeanpierrei Beruete and Jordana, 2002 Cave HTM ES R221 Mimgrelyly
paclti Rusek, 1961 sensu Kovac and Rusek Cave ™ SK R221 Mym,rEL Ly
(2012)
pyrenaca Bonet, 1931 Cave ™ ES R221 mymgrel,l,
muranensis n. sp. Cave HTM SK R221 mymyrel;l,
sp. 1 (SK) Cave ™ SK RI111 MymgreLiLy
sp.2 (BRC) Cave ™ SK R221 M, MrEL Ly
sp.3 (DR) cave ™ SK R221 M, MytEL, L

Dorsal head macrochaetae and dorsal Abd.II chaetotaxy sensu Gisin (1967) and labial triangle chaetae sensu Gisin (1964). All species with this combination have dorsal Abd.II chaetotaxy pABqlq2 and European distribution.

Troglom., troglomorphy; no, without troglomorphic characters; TM, with troglomorphic characters; HTM, with highly troglomorphic characters. HTM character expression was essentially judged by the shape of the foot complex and the shape of the mucro, see also

Discussion. Tenent hair: a- acuminate, c - clavate. P. germarica ssp.* subspecics of P. lamperti; P. baztanensis ssp.* subspecics of P. subterraneas P. longicornis* originally described as subspecies of P. tarraconensis.

Country: A, Austria; CH, Switzerland;

7, Czech Republic; D, Germany; ES, Spai

Eur, Europe; F, France; H, Hungary; [, Italy; Ma, Morocco; SK, Slovakia.
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ZLA Zlatnica Cave M 940 150 34 4.8-6.7
JP Jelenia priepast’ Abyss M 1,070 323 55 4.2-4.9
LM Ladové jama na Muréni M 865 35 19 4.0-5.0
MAR Marnikova jaskyia Cave H 770 487 - No data
DIE Dielik Cave* M 570 223 35 6.4-6.9
BOB Bobatka Cave M 680 4,653 142 6.6-7.0
HARM Harmanecka jaskyiia VE 821 3216 75 6.3-6.7

Cave
PUS Pustd jaskyna Cave LT 943 4,106 202 5.5-9.0
vC Vazeckd jaskyna Cave KC 784 530 - 72-74
zc Zépol'nd jaskyha Cave KC 755 1,848 59 6.8-8.2
HRU Hrusovskd jaskyiia Cave S 295 1,139 - 11.0-11.3
HCA Hacavska jaskyna Cave s 795 202 - No data
MC Marciho diera Cave S 852 150 - 5.3-10.3
AC Ardovskd jaskyna Cave N 314 1,510 - 7.9-10.7
DR Drienovskd jaskyna Cave S 245 1,588 84 9.4-9.7
SK Ochtinska aragonitova ] 642 585 30 7.6-8.4

jaskyita Cave—Stolia

Kapusta Tunnel
BRC Brekovskd jaskyia Cave B 260 200 30 6.4

GU, geographical units; S, Slovak karst; O, Ochtinsky kryptokarst; B, Brekovsky karst; VE, Vel'kd Fatra Mts; LT, Low Tatras Mts; KC, Kozie chrbty Mts; M, Murénska Planina; E, clevation of
cave entrance (m as1); L, cave length (m); D, cave depth (m); T, internal cave air temperature (°C). GU and cave parameters E, L, and D after Bella ct al. (2018). Air temperature measured with
digital thermo hygrometer COMET in decp static cave zone (Papic, 2011; P. Luptacik, pers. comm.).

*Specimens studied only morphologically.
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