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Abstract
One of the most striking features of obligate subterranean species is their narrow 
distribution ranges. These prevail not only at specific, but often also at generic level. 
However, some subterranean genera have continental scale and disjunct distribu-
tion, which challenges their monophyly and questions the scenarios of their origin 
and colonization. In our study, we investigated the subterranean collembolan genus 
Verhoeffiella, currently known from five remote karst regions of Europe. Four nu-
clear and one mitochondrial genes were assembled to reveal the evolutionary his-
tory of the genus. We tested the monophyly of the genus, explored its relationship 
with putative surface relatives, and its temporal patterns of molecular diversification. 
The phylogeny revealed a complex relationship of Verhoeffiella with surface species 
Heteromurus nitidus and partially disentangled the biogeographical question of its 
disjunct distribution. Further on, several lineages of Verhoeffiella were recognized 
in the Dinarides, showing highly underestimated diversity and, compared with the 
number of described species, a sevenfold increase in the number of MOTUs. The 
radiation is relatively recent, with the events triggering the diversification linked to 
the Messinian salinity crisis and Pleistocene climatic shifts. The combination of this 
extensive subterranean radiation and close evolutionary links with epigean relatives 
makes Verhoeffiella an exceptional case within the subterranean fauna of temperate 
areas, which significantly contributes to our understanding of subterranean coloniza-
tion and diversification patterns.
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1 |  INTRODUCTION

Understanding processes of colonization, speciation 
and dispersal in subterranean habitats is one of the main 
challenges in evolutionary studies of subterranean spe-
cies around the globe (Culver & Pipan, 2019; Moldovan, 
Kováč, & Halse, 2018). One of the most striking features 
of obligate subterranean species (also termed troglobionts) 
is their narrow distribution ranges (Niemiller & Zigler, 
2013; Trontelj et al., 2009; Zagmajster et al., 2014). In ex-
treme cases, the proportion of species known from single 
or only a few localities can represent more than half of the 
species pool in a region (Bregović, Fišer, & Zagmajster, 
2019; Niemiller & Zigler, 2013; Trontelj et al., 2009). 
Small ranges are often related to limited dispersal abilities, 
due to species morphological and physiological adapta-
tions (Christiansen, 1961, 1965; Polak, Delić, Kostanjšek, 
& Trontelj, 2016; Porter, 2007; Thibaud & Vannier, 1986; 
Vannier & Thibaud, 1984). Range sizes of subterranean 
taxa have so far been explained via the fragmented karstic 
landscapes, complex paleogeographic events and/or his-
toric climatic variability (Deharveng & Gers, 1993; Eme 
et al., 2014; Fresneda, Valenzuela, Bourdeau, & Faille, 
2019; Rizzo, Comas, Fadrique, Fresneda, & Ribera, 2013; 
Trontelj et al., 2009; Zagmajster et al., 2014). Small distri-
bution ranges of troglobionts prevail at specific level, but 
are also frequent at the generic level. However, some genera 
exhibit large distribution ranges (Baratti, Filippelli, Nardi, 
& Messana, 2010; Faille et al., 2010; Gibert & Deharveng, 
2002; Isaia, Mammola, Mazzuca, Arnedo, & Pantini, 2017; 
Trontelj et al., 2009; Zakšek, Sket, & Trontelj, 2007), es-
pecially among Collembola (Christiansen, da Gamma, & 
Bellinger, 1983; Lukić, 2019).

The most intriguing cases of widespread and exclusively 
subterranean genera are the ones with disjunct distribu-
tions—occurring in geographic regions that can be hundreds 
or thousands of kilometres apart. Among European terrestrial 
troglobionts, such examples have been reported in different 
taxonomic groups, from gastropods to insects (Deharveng 
& Bedos, 2018; Duchae, 2001; Faille, Casale, Hernando, 
Aït Mouloud, & Ribera, 2018; Fanciulli, Inguscio, Rossi, & 
Dallai, 2003; Weigand et al., 2013). Some of them, known 
from the Iberian Peninsula, the Alps and the Dinarides, even 
share similar distribution patterns (Inäbnit et al., 2019; Lukić, 
Houssin, & Deharveng, 2010; Sendra, Lara, Ruiz Aviles, & 
Tinaut, 2004; Taiti et al., 2018). Among the subterranean 
taxa with disjunct distribution, only spiders and terrestrial 
gastropods were studied with molecular approaches (Pavlek 
& Ribera, 2017; Ribera, Elverici, Kunt, & Özkütük, 2014; 
Weigand et al., 2013), while for the others, the taxonomical 
assignments of geographically disjunct populations rely on 
morphology alone. Due to striking morphological conver-
gences common among troglobionts (Culver & Pipan, 2019), 

disjunct distribution patterns challenge the validity of extant 
monophylies, while the scenarios of origin and coloniza-
tion call for further testing within molecular phylogenetic 
frameworks.

With more than 500 troglobiotic species worldwide, 
Collembola are among the most common inhabitants of 
the subterranean realm (Deharveng & Bedos, 2018; Lukić, 
2019). They have been traditionally used as evolutionary 
models for the study of morphological adaptations to sub-
terranean habitats (Christiansen, 1961, 1965, 2012), but their 
potential for testing evolutionary hypotheses using molecular 
approaches has rarely been exploited (Katz, Taylor, & Davis, 
2018). Among the taxa with disjunct distributions, one of the 
most interesting examples to study is the exclusively subter-
ranean European genus Verhoeffiella Absolon of the family 
Entomobryidae.

The genus Verhoeffiella embodies several features of in-
terest: (a) the genus has a wide disjunct distribution, occur-
ring in five karst regions of Europe; (b) its centre of diversity 
is in the Dinarides; and (c) it has a putative surface relative, 
Heteromurus nitidus (Templeton, 1835). Currently, the genus 
encompasses 14 nominal species, ten of which are described 
from caves in the Dinarides (Lukić, Delić, Zagmajster, & 
Deharveng, 2018). Four other karst regions contain one spe-
cies each and are from 150 to 1,000 km apart: Jakupica (North 
Macedonia), south‐eastern Calcareous Alps (Italy), southern 
Catalonia and Cordillera Cantabrica (Spain) (Lukić, Porco, 
Bedos, & Deharveng, 2015). This intriguing distribution, 
coupled with diversity of morphological traits, has already 
led to recent taxonomic revisions of the existing and descrip-
tions of new species of the genus (Lukić et al., 2018, 2015). 
As stated in previous works, there is a need to resolve the 
relationship of Verhoeffiella and Heteromurus s.str. Wankel, 
as both genera share most characters used at the generic level 
within Heteromurinae (Cipola, Oliveira, Morais, & Bellini, 
2016; Mari Mutt, 1980b). Remarkable morphological sim-
ilarity of the genus Verhoeffiella and the epigean species 
H. nitidus (Bonet, 1931; Lukić et al., 2018, 2015; Mari Mutt, 
1980a) sets the latter as the most likely candidate for a surface 
relative of Verhoeffiella.

The close relationship of the two taxa may offer an insight 
into the origin of disjunct distribution of Verhoeffiella and 
contribute to a better understanding of colonization and diver-
sification dynamics within the subterranean habitats in gen-
eral. Therefore, we first tested the monophyly of Verhoeffiella 
populations from remote European regions and determined 
the position of the genus within the Entomobryidae family. 
We then explored the relationship of Verhoeffiella to its pu-
tative surface relative H.  nitidus from different geographi-
cal areas. Further, we estimated hidden diversity within the 
genus Verhoeffiella with a special emphasis on the Dinarides. 
Finally, we explored the relationship between different popu-
lations of the genus Verhoeffiella, in order to reconstruct the 
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evolutionary scenarios of diversification in relation to paleo-
geographic events.

2 |  MATERIAL AND METHODS

2.1 | Design of the study
The basis of the study was a set of 411 individuals of 
Heteromurus nitidus, Heteromurus major (Moniez, 1889) 
and Verhoeffiella species. The data set predominantly in-
cluded newly sequenced populations of H.  nitidus and 
Verhoeffiella, but also publicly available sequences.

The study proceeded via a number of steps. Depending 
on the specific scope of each of the steps, we used an ap-
propriate data set and methodology. Details on each of the 
steps are given in the paragraphs below and are summarized 
in Table 1.

2.2 | Samples collection
Specimens of Verhoeffiella and Heteromurus were collected 
from 105 sites altogether (81 and 31, respectively; includ-
ing 7 sites where they occur sympatrically), throughout the 
Verhoeffiella distributional range, including the Dinarides, 
south‐eastern Calcareous Alps, Catalonia and Cordillera 
Cantabrica (Figure 1a; Figure S1). Samples were hand or 
pitfall trap collected in caves, while samples of litter and 
soil from surface habitats were extracted using Berlese fun-
nels. All samples were preserved in 96% ethanol. In addition 
to own fieldwork data, several collections were examined 
for specimens of targeted genera, including the collections 

of Croatian Biospeleological Society (Zagreb), University 
of Ljubljana's SubBioLab Zoological collection, Museum 
of Natural Sciences of Barcelona, Torres Sala entomo-
logical collection (Valencia), Cave Fauna Collection of the 
Department of Zoology of the University from the Basque 
Country. Cuticles and DNA extracts were deposited in the 
Collection of Croatian Biospeleological Society, Zagreb, 
Croatia. Topotypic specimens of nominal species were used 
whenever possible.

2.3 | DNA isolation, 
amplification and sequencing
Genomic DNA was isolated from the whole specimens, by 
opening a minute aperture between the abdominal segments 
to preserve the specimen's cuticle for the subsequent mor-
phological analyses. DNA isolation was performed using 
the GenElute Mammalian Genomic DNA (Sigma‐Aldrich, 
United States) or DNeasy Blood & Tissue Kit (Qiagen, 
Hilden, Germany). All specimens used for the molecular 
analyses were, whenever possible, identified to species level 
using morphological characters thoroughly described in Lukić 
et al. (2018). We amplified both nuclear DNA—28S rRNA, 
18S rRNA, histone H3 (H3), internal transcribed spacer I and 
II (ITS)—and mitochondrial DNA—cytochrome oxidase I 
(COI). Different combinations of amplified genetic markers 
were used to assemble alternative data sets, as is explained 
further on. A list of primers and PCR amplification proto-
cols used is available in Appendix S1. PCR products were 
purified using Exonuclease I and FastAP (Thermo Fisher 
Scientific Inc., United States) according to the manufacturer's 

T A B L E  1  Overview of the study design with the data and samples used in each step

Analytical step
Method and software 
used Type of data Samples used Specific results

Family‐level phyloge-
netic analysis

Bayesian and maxi-
mum‐likelihood phy-
logenetic analysis

Concatenated sequences: 
18S rRNA, 28S rRNA, 
COI, 16S rRNA 
(4.147 bp)

Sequences of H. major, H. nitidus, 
nominal Verhoeffiella species 
and published Entomobryidae 
sequences (Table S1)

Phylogenetic trees 
(Figure S2, S3)

Species delimitation Molecular species 
delimitation: ABGD, 
PTP

COI sequences (658 bp) 411 individuals of H. major, 
H. nitidus and Verhoeffiella species 
(Table S3)

Molecular opera-
tional taxonomic 
units (MOTUs) 
(Table 2; Table S4)

Phylogenetic back-
bone analysis of the 
Verhoeffiella–H. nitidus 
clade

Bayesian and maxi-
mum‐likelihood phy-
logenetic analysis

Concatenated sequences: 
18S rRNA, 28S rRNA, 
H3, ITS, COI (3.876 bp)

132 individuals: representative of 
each MOTU of H. nitidus and 
Verhoeffiella, H. major and out-
group representatives (Table S2)

Phylogenetic trees 
(Figure 2; Figure 
S4)

Estimation of divergence 
times

BEAST analysis Concatenated sequences: 
18S rRNA, 28S rRNA, 
H3, ITS, COI (3.876 bp)

132 individuals: the same data set as 
for phylogenetic backbone analysis

Time‐calibrated 
phylogeny (Figure 
3)

Lineage through time 
(LTT) plots

Phytools Maximum credibility tree, 
BEAST output

132 individuals: the same data set as 
for phylogenetic backbone analysis

Pattern of lineage 
temporal diversifi-
cation (Figure 3)
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instructions. Successfully amplified fragments were se-
quenced bidirectionally using the same PCR amplification 
primers by Macrogen Europe (Amsterdam, Netherlands), 
and the resulting chromatograms were assembled and edited 
using Geneious 9.1.8. (Biomatters, New Zealand). All the 
information on the specimens used, including GenBank ac-
cession numbers, voucher codes, sampling localities, etc., is 
available in the Tables S1–S3.

2.4 | Family‐level phylogenetic analysis
In order to test the monophyly of Verhoeffiella and determine 
its position within the Entomobryidae family, we combined 
previously published data set of Entomobryidae phylog-
eny (Zhang, Chen, et al., 2014; Zhang, Sun, Yu, & Wang, 
2015), publicly available sequences and own genetic data of 
Verhoeffiella and Heteromurus from different karst regions. 
Altogether, we compiled a data set of 64 Entomobryidae rep-
resentatives (Table S1). Three distantly related collembolan 
species, namely Tomocerus ocreatus Denis, 1948, Folsomia 
quadrioculata (Tullberg, 1871) and Folsomia candida 
Willem, 1902, were used to root the tree. The molecular data 
used included two nuclear (18S rRNA and 28S rRNA) and 

two mitochondrial (COI and 16S rRNA) genes. All the se-
quences were aligned using MAFFT v. 7 (Katoh & Standley, 
2013) Q‐INS‐i algorithm and concatenated into the final, 
4,147‐bp‐long alignment. The best partitioning scheme and 
the optimal substitution models for the codon positions were 
obtained using PartitionFinder 2.1.1 (Lanfear, Frandsen, 
Wright, Senfeld, & Calcott, 2017). Both, optimal substitution 
models and the best partitioning scheme, including lengths of 
specific gene alignment, are available in Appendix S1.

Phylogenetic relationships were reconstructed on a con-
catenated data set using two alternative approaches: Bayesian 
inference with partition‐specific settings in MrBayes 3.2.6 
(Ronquist & Huelsenbeck, 2003) and maximum likelihood 
with partition‐specific setting and ultrafast bootstrapping 
in IQ‐tree 1.6.7 (Nguyen, Schmidt, von Haeseler, & Minh, 
2014). Bayesian MCMC tree in MrBayes was inferred after 
two independent runs with four chains each for 20 million 
generations. The trees were sampled every 1,000 generations, 
and the first 25% of trees were discarded after checking for 
stationary phase in Tracer v1.7 (Rambaut, Drummond, Xie, 
Baele, & Suchard, 2018). The remaining trees were used to 
calculate a 50% majority rule consensus tree. Alternatively, 
the nodal supports for the maximum‐likelihood analyses in 

F I G U R E  1  (a) Map of all Heteromurus nitidus and Verhoeffiella samples included in the analysis. (b) Distribution of the genus Verhoeffiella 
in the Dinarides (Western Balkans). Sampling sites are colour‐coded and numbered as per Figure 2. Numbered circles represent localities with co‐
occurring MOTUs (details are available in Table S2)
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F I G U R E  2  Bayesian phylogeny of genus Verhoeffiella and Heteromurus nitidus on the concatenated data set of five genes (18S rRNA, 
28S rRNA, H3, ITS, COI). Each terminal taxon represents a single MOTU derived from species delimitation methods. Dots indicate posterior 
probabilities: black circles = 1; grey circles ≥ 0.95; white circles ≥ 0.90. Lineages are colour‐coded and numbers match localities with co‐occurring 
MOTUs as per Figure 1b. In situ photographs: M. Lukić
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IQ‐tree were assessed after performing 1,000 ultrafast boot-
strap replicates (Hoang, Chernomor, von Haeseler, Minh, & 
Vinh, 2018).

2.5 | Defining molecular operational 
taxonomic units (MOTUs)
In order to explore the hidden diversity and minimize the 
amount of missing data for the fine‐scale phylogenetic analy-
sis, we first ran species delimitation on barcoding region of 
411 COI sequences (Table S3). The data set included publicly 
available and our own sequences of H. nitidus and H. major, 
most nominal Verhoeffiella species and a large number of 
newly sequenced Verhoeffiella populations. Usually, three 
specimens per locality (up to 16) were sequenced to mini-
mize the sequencing error. We used two alternative ap-
proaches: a tree‐based Poisson tree processes (PTP) model 
(Zhang, Kapli, Pavlidis, & Stamatakis, 2013) and a distance‐
based species delimitation approach, the Automatic Bridge 
Gap Discovery (ABGD) (Puillandre, Lambert, Brouillet, & 
Achaz, 2012).

Poisson tree processes is a phylogeny‐based species de-
limitation method, based on the assumption that intra‐ and 
interspecific nucleotide substitution levels notably differ and 
can be modelled as two independent Poisson processes. The 
PTP analyses were performed on 211 unique COI haplotypes, 
assessed after removing duplicate sequences using a cus-
tom Perl script (Eme, Malard, Konecny‐Dupré, Lefébure, & 
Douady, 2013). Phylogenetic relationships within the COI se-
quences were estimated in a separate PhyML (Guindon et al., 
2010) analysis, using a GTR + I + G substitution model and a 
gamma shape parameter and proportion of invariant sites esti-
mated by the algorithm itself. The resulting tree was then used 
to run the Poisson tree processes (PTP) analysis on the species 
delimitation server http://speci es.h-its.org/. Bayesian posterior 
probabilities for tentative species were acquired after running 
500,000 generations, sampling every 100 generations, and dis-
carding the first 20% of the samples as a burn‐in.

Automatic Bridge Gap Discovery is an automated pro-
cedure that clusters sequences into MOTUs based on pair-
wise distances by detecting differences between intra‐ and 
interspecific variation (i.e. barcoding gap) without a priori 
species hypothesis (Puillandre et al., 2012). ABDG analyses 
were performed at the ABGD web server http://wwwabi.snv.
jussi eu.fr/publi c/abgd/abgdw eb.html and analysed separately 
on the full COI sequences data set using the Kimura K80, 
with a default value of relative gap width (X = 1.5) and Pmax 
value (0.1).

2.6 | Phylogeny of the Verhoeffiella–
Heteromurus nitidus clade
Due to limited coverage of genetic markers between pre-
viously published data set of Entomobryidae phylogeny 
(Zhang, Chen, et al., 2014; Zhang et al., 2015) and our data 
set, the phylogenetic backbone analyses were run on a differ-
ent, 3,876‐bp concatenated data set. The data set contained 
four nuclear (18S rRNA, 28S rRNA, H3, ITS) and one mito-
chondrial (COI) gene. The data set comprised of 132 speci-
mens and included a single representative per previously 
defined Verhoeffiella–Heteromurus MOTUs, individuals 
from geographically remote populations which could not be 
included in species delimitation analysis, due to failure in 
COI gene sequencing, and the distantly related Alloscopus 
Börner and Dicranocentrus Schött (Heteromurinae) to root 
the tree. Phylogenetic relations were reconstructed using the 
tree inferring procedure as described in the family‐level phy-
logenetic analysis section. All family‐level and clade‐level 
phylogenetic analyses were run on the CIPRES Science 
Gateway (Miller et al., 2015; accessible at www.phylo.org). 
Optimal substitution models and the best partitioning scheme 
are available in Appendix S1.

2.7 | Estimation of divergence times
To set the time frame on the genus phylogeny hypothesis, 
we used the same backbone analyses data set and Bayesian 
inference as implemented in BEAST v 2.5.1 (Bouckaert et 
al., 2014). The BEAST analysis was run using the follow-
ing settings: a model of nucleotide evolution for each of 
the partitions was selected using bModelTest (Bouckaert 
& Drummond, 2017); the uncorrelated relaxed lognormal 
molecular clock with a gamma prior for each partition sepa-
rately; and a linked Yule tree prior for all defined partitions. 
The Yule tree model prior was selected after comparing the 
alternative tree priors in Path Analyser (results not shown). 
Hereafter, the most suitable analysis was repeated four 
times for 30 million generations each, sampling every 3,000 
generations, and excluding 20% of the trees as a burn‐in. 
The results of the four independent runs were analysed for 
convergence and adequate sample size (effective sample 
size above 200) using Tracer v1.7 (Rambaut et al., 2018) 
and merged using LogCombiner (Bouckaert et al., 2014). 
The maximum credibility tree was then summarized and an-
notated using TreeAnnotator (Bouckaert et al., 2014). Time 
of the splits within the Verhoeffiella–H. nitidus clade was 
assessed using previously employed approach, using data 

F I G U R E  3  Time‐calibrated phylogeny of genus Verhoeffiella and Heteromurus nitidus, corresponding to the Bayesian relaxed‐clock analysis 
based on the clock rate values for COI and 28S rRNA (Papadopoulou et al., 2010), and estimated values for 18S rRNA, H3 and ITS. The ages of 
the major paleogeographic events, Messinian salinity crisis (MSC) and Pleistocene, are shown in light green. 95% confidence intervals are shown 
as blue node bars, and lineage through time accumulation as a red line

http://species.h-its.org/
http://wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html
http://wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html
http://www.phylo.org
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on molecular rates of distantly related Tenebrionid bee-
tles (Papadopoulou, Anastasiou, & Vogler, 2010), due to 
the absence of available fossil calibrations in Collembola. 
Molecular rates, which were not accessible from the origi-
nal article, were estimated based on the published pairwise 
divergence per million years for COI and 28S rRNA, 3.36% 
and 0.12%, respectively. To visually examine the pattern 
of lineage temporal diversification, lineage through time 
(LTT) plots were reconstructed using phytools v.0.6‐60 
(Revell, 2012) with the mean diversification value gener-
ated based on the BEAST Maximum credibility tree. In 
addition, observed diversification value was compared to 
1,000 simulations of pure‐birth LTTs, and gamma statistics 
(Pybus & Harvey, 2000), explaining speciation trends was 
extracted.

3 |  RESULTS

3.1 | Family‐level phylogenetic analysis
All the groups, recognized in Zhang et al. (2015), were 
also inferred in our analysis and were supported with high 
Bayesian posterior probabilities (p.p. ≥ 0.95) (Figure S2) and 
maximum‐likelihood fast bootstrap support (≥95; Figure S3). 
In both analyses, similar tree topologies, showing minimal 
differences, were inferred. The subfamily Heteromurinae, in-
cluding the genera Alloscopus, Dicranocentrus, Heteromurus 
and Verhoeffiella, received the highest support (p.p = 1) for 
its monophyly. Heteromurus major was shown to be the sister 
taxon of Verhoeffiella–H. nitidus clade, while the geographi-
cally distant Verhoeffiella from Catalonia and Cordillera 
Cantabrica were positioned at the basis of the latter (Figure 
S2). This relation received low support (p.p. = 0.66) in this 
analysis, but was highly supported in the extended data set 
analysis (p.p. = 0.99) (Figure 2). Next, the Verhoeffiella from 
south‐eastern Calcareous Alps, V. dallaii Nosek & Paoletti, 
1985, was shown to be in a sister relation with the complex of 
H. nitidus and Dinaric Verhoeffiella species. Within the com-
plex, genera Verhoeffiella and Heteromurus turned out to be 
paraphyletic and some populations exhibited unresolved re-
lationships (Figure S2).

3.2 | Hidden diversity within 
Verhoeffiella and Heteromurus
Species delimitation methods on a large data set of 411 COI 
sequences enabled us to estimate the hidden diversity within 
Verhoeffiella and Heteromurus. Number of MOTUs identi-
fied with both delimitation methods, PTP and ABDG, was 
consistent, with differences in one or two MOTUs (Table 2; 
Table S4). Our analysis revealed high molecular divergence 
between MOTUs, reflecting hidden diversity within both 
genera.

3.3 | Phylogeny of the Verhoeffiella–
Heteromurus nitidus clade
Phylogenetic backbone analyses showed the same rela-
tionship within Heteromurinae (Figure 2; Figure S4) as on 
the family‐level analysis (Figure S2). Heteromurus major 
had sister relationship to Verhoeffiella–Heteromurus niti-
dus clade. Populations from Catalonia and Cordillera 
Cantabrica, including already described V. gamae Lukić et 
al., 2015 and several undescribed MOTUs, were positioned 
basally. Interestingly, the populations from the two moun-
tain ranges are molecularly highly differentiated, suggesting 
a long‐lasting separation. Species V. dallaii from the south‐
eastern Calcareous Alps kept the position of a sister taxon 
to the most extensive part of Heteromurus nitidus–Dinaric 
Verhoeffiella complex (Figure 2), as in family‐level analysis 
(Figure S2).

Within the complex, Verhoeffiella and H.  nitidus lin-
eages were shown to be paraphyletic, with a basal polytomy 
preventing the more exact resolution of their relationship 
(Figure  2). At least three different and spatially separated 
lineages of H. nitidus can be recognized. The lineage richest 
in MOTUs is broadly distributed over Europe and includes 
specimens from France, Great Britain, Cantabria, Catalonia 
and the Dinarides. The possible fourth lineage of H. nitidus, 
consisting of a single population, could not be undoubtedly 
phylogenetically positioned.

Two large, one smaller and at least two isolated 
Verhoeffiella lineages were recognized in the Dinarides 
(Figure 2). Ranges of the two large lineages overlap to a great 
extent, with the smaller one situated separately at the north-
ern parts of south‐eastern Dinarides (Figure 1b). Two isolated 
lineages are known only from a single cave, nested within the 
ranges of larger lineages (Figure 1b). Such a large magnitude 
of spatial overlap among different lineages and sublineages 
of Verhoeffiella and H. nitidus generated a vivid pattern of 
co‐occurring MOTUs, especially in south‐eastern Dinarides 
(Figures 1b, 2). Ten caves with two, three caves with three and 
even one cave with four co‐occurring Verhoeffiella MOTUs 
were recognized (Figures 1b, 2; Table S2).

T A B L E  2  Number of nominal species and MOTUs in two 
Heteromurus and all Verhoeffiella species in Europe, as identified 
using two species delimitation methods on barcoding region of 
411 COI sequences. Number of Verhoeffiella species and MOTUs, 
referring to populations in the Dinarides, are written in parentheses

Species
Nominal 
species

PTP 
MOTUs

ABDG 
MOTUs

Heteromurus major 1 11 12

Heteromurus nitidus 1 33 31

Verhoeffiella spp. (Dinaric 
populations)

14 (10) 79 (74) 79 (73)
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3.4 | Divergence times of Verhoeffiella–
Heteromurus nitidus clade
Onset of the diversification of the whole Verhoeffiella–
Heteromurus nitidus clade was estimated to have occurred in 
middle Miocene, approximately 11.3 MA, with a 95% con-
fidence interval ranging from 10 to 12.7 MA (Figure 3). The 
most extensive part of the diversification, covering all the 
Dinaric representatives, was estimated to 6.58 MA (5.91–7.26 
MA). All the major cladogenetic events, including origins of 
all the major Verhoeffiella and H. nitidus lineages, were esti-
mated to an age corresponding to the Messinian salinity crisis 
(5.96–5.33 MA). In contrast, most of the speciation events 
within Verhoeffiella were estimated to have occurred during 
the Pleistocene (2.5 MA–11.7 k years ago). This pattern was 
also demonstrated by the Pybus and Harvey gamma statis-
tics, which supported a trend of increase in diversification 
towards the present (γ = 0.2741, p = .74) (Figure 3).

4 |  DISCUSSION

4.1 | Phylogenetic analysis dispute the 
disjunct distribution of Verhoeffiella
Our results show that the exclusively subterranean genus 
Verhoeffiella, together with lineages traditionally ascribed to 
the epigean species Heteromurus nitidus, forms a well‐sup-
ported monophyletic clade nested within Heteromurinae. 
Populations of Verhoeffiella from the Iberian Peninsula and 
the Alps are positioned basally to the complex of H. nitidus 
and Dinaric Verhoeffiella. Therefore, Verhoeffiella cannot be 
regarded as monophyletic, but rather paraphyletic, and not 
only closely related, but even intermixed with lineages of 
H.  nitidus. Differently from Verhoeffiella, which is known 
from the subterranean habitats in Southern Europe only, 
Heteromurus nitidus is widespread in surface habitats across 
the majority of Palearctic and Nearctic regions. In Europe, 
it is also known from numerous caves within the range of 
Verhoeffiella (Jordana, Arbea, & Ariño‐Plana, 1990; Lukić 
& Deharveng, 2008; Thibaud, 2017). Therefore, our results 
dispute the biogeographical enigma of disjunct distribution of 
exclusively subterranean genus Verhoeffiella, as it is closely 
related to surface and generally widespread H. nitidus species.

Disjunct distributional patterns encompassing records 
from the Iberian Peninsula, the Alps and the Dinarides are 
based on morphological comparisons for terrestrial subter-
ranean taxa of several groups: Pseudoscorpiones (Duchae, 
2001); Isopoda (Taiti et al., 2018); Collembola (Fanciulli 
et al., 2003; Lukić et al., 2018, 2010); and Diplura (Sendra 
et al., 2004). Only two genera, the terrestrial snail Zospeum 
(Weigand et al., 2013) and the spider Typhlonesticus (Ribera 
et al., 2014), were subjected to molecular phylogenetic stud-
ies and found to be monophyletic. Therefore, for both genera 

peculiar continental scale, disjunct distributions were con-
firmed. Although our results did not support the monophyly 
of Verhoeffiella, the pattern of disjunction is still interesting, 
as it largely coincides with the spatial and even molecular pat-
terns recognized in the terrestrial snail Zospeum. Molecular 
phylogeny of Zospeum showed that Iberian populations are in 
a sister relationship to Alpine, and Alpine to Dinaric popula-
tions (Inäbnit et al., 2019; Weigand et al., 2013), reflecting the 
pattern revealed in Verhoeffiella. Further research is needed 
to elucidate the origin and the possibly congruent coloniza-
tion scenarios of these remote areas by taxa with presumably 
limited dispersal possibilities and different natural histories.

4.2 | Limits of Heteromurus and 
Verhoeffiella
Originally, Verhoeffiella was described as a subgenus of 
Heteromurus, but treated later as a separate genus or even as 
a part of Heteromurus s. str. (see Lukić et al., 2018). Changes 
in taxonomic status were usually not thoroughly justified by 
authors and merely reflected a subjective appreciation of the 
value of antennae III annulation, the only character used to 
discriminate the two genera (Cipola et al., 2016; Lukić et al., 
2018; Mari Mutt, 1980b, 1980a).

Molecular phylogeny of Verhoeffiella and Heteromurus 
confirmed their perplex status, where Verhoeffiella is re-
lated with one of the Heteromurus species, namely H. ni-
tidus. Revealed diversification pattern indicates that the 
current taxonomy does not reflect the phylogenetic rela-
tions, but rather the ecology of the group. Across Europe, 
all troglomorphic and subterranean lineages were tradition-
ally assigned to the genus Verhoeffiella. At the same time, 
the non‐troglomorphic subterranean or epigean lineages 
were assigned to the species H. nitidus. This long‐lasting 
taxonomic dilemma originates from the use of antennae 
III annulation as a discriminant character at the generic 
level, while it could be a troglomorphic feature connected 
to antennae elongation, associated with life in subterra-
nean habitats (Christiansen, 2012; Cipola et al., 2016). 
Some additional features have been recognized in Dinaric 
Verhoeffiella, which can be used to separate Verhoeffiella 
and Heteromurus (Lukić et al., 2018). However, we refrain 
from new generic definitions as they are out of the scope 
of this study. At the same time, our results support the need 
for an integrative revision of the genus Heteromurus, that 
would combine morphology and molecular phylogeny and 
would also encompass the redescription of H. nitidus.

4.3 | Remarkable hidden diversity 
within the Dinarides
Dinarides in the Balkans have been recognized as a world 
hotspot of subterranean biodiversity (Culver et al., 2006; 
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Zagmajster et al., 2014; Zagmajster, Malard, Eme, & 
Culver, 2018). High species diversity in the area was con-
firmed also when morphological and molecular species de-
terminations were compared on a continental scale (Eme et 
al., 2017). Cryptic diversity within the region was shown 
in different aquatic groups (Delić, Trontelj, Rendoš, & 
Fišer, 2017; Trontelj et al., 2009; Zakšek, Sket, Gottstein, 
Franjević, & Trontelj, 2009), but also in terrestrial troglo-
bionts (Inäbnit et al., 2019; Weigand et al., 2013), where 
only a few taxonomic groups were subjected to phyloge-
netic studies (Bedek, Taiti, Bilandžija, Ristori, & Baratti, 
2019; Lukić et al., 2018; Murienne, Karaman, & Giribet, 
2010; Njunjić et al., 2018; Njunjić, Perreau, Kasper, 
Schilthuizen, & Deharveng, 2016; Pavlek & Ribera, 2017; 
Polak et al., 2016; Ribera et al., 2014). Based on the ge-
ographic extent and the number of specimens used, our 
study represents the most extensive molecular phylogeny 
of terrestrial troglobionts in the region, unveiling the hid-
den diversity within the Dinarides.

The extent of increase in diversity, as based on MOTU 
delimitations, was still very surprising. Two different spe-
cies delimitation methods supported the morphological 
species limits of the 10 nominal species, but also revealed a 
much higher number of Verhoeffiella MOTUs in Dinarides 
(PTP = 74 and ABGD = 73). It turns out that the number of 
MOTUs is about seven times higher than the number of nom-
inal species, representing remarkable subterranean radiation 
within a relatively narrow geographical range. This finding 
additionally supports and even reinforces the Dinarides as a 
centre of high diversification of terrestrial troglobiotic fauna.

Strong diversification of collembolan genera within 
subterranean habitats has already been documented, but 
on a larger geographical scale (Lukić, 2019). The most ex-
treme example is that of the genus Pseudosinella encom-
passing more than 100 troglobiotic species, distributed 
across Europe and the Mediterranean (Jordana et al., 1990; 
Thibaud, 2017). High cryptic diversity within Collembola 
was already noted (for an overview see Zhang, Jantarit, et 
al., 2018), but not to the extent discovered in Verhoeffiella 
and rarely within subterranean habitats (Katz et al., 2018). 
If most of the discovered MOTUs will be proven to equate 
morphological species, Verhoeffiella will be listed among 
the most diversified terrestrial subterranean genera in the 
region.

4.4 | On possible colonization scenarios of 
subterranean habitats
Paraphyletic relationship of the genera Verhoeffiella and 
Heteromurus, differing in ecology and distributional pat-
terns, enables discussions on colonization hypotheses as 
one of the fundamental questions in subterranean biology 
(Culver & Pipan, 2019; Moldovan et al., 2018). The basal 

position of troglobiotic populations of Verhoeffiella from the 
Iberian Peninsula and the Alps, in relation to the intermixed 
populations of epigean H. nitidus and Dinaric Verhoeffiella, 
suggests differing hypotheses on a continental and regional 
level. It is important to note that disjunct pattern of troglo-
biotic Verhoeffiella populations could hardly be a result of 
sampling bias, as no Verhoeffiella species has ever been re-
corded in thoroughly sampled regions in between the known 
distribution range, namely Western Alps, French southern 
Massif Central and the Pyrenees (Dallai & Malatesta, 1982; 
Dallai, Malatesta, & Ramellini, 1995; Jordana et al., 1990; 
Thibaud, 2017).

On a continental scale, the most plausible hypoth-
esis would be that a common, epigean H.  nitidus —like 
ancestor or even a group of closely related species, inde-
pendently colonized subterranean habitats in different 
geographic regions. Such an ancestor(s) would have had 
a role of a surface vector dispersing into geographically 
distant karst regions, and further evolving to subterranean 
forms—commonly referred to as Verhoeffiella. This hy-
pothesis might explain the Verhoeffiella relationship on 
a continental scale: sister relationship of Catalonian and 
Cantabrian populations and sister relationship of Iberian to 
Alpine and Alpine to Dinaric populations. A similar role 
of surface vector was documented in the Trechus fulvus 
group and in the genus Duvalius of the Trechinae beetles 
(Faille, Casale, Balke, & Ribera, 2013). An alternative hy-
pothesis, implying continental scale distance dispersal of 
already adapted subterranean lineages, would have to be 
rejected. Especially as the distance itself, coupled with the 
geographical barriers, such as rivers or areas of unsuitable 
habitats, represent an impassable obstacle for taxa with 
limited dispersal abilities. Passive dispersal was proposed 
to explain the disjunct distribution of subterranean terres-
trial snail Zospeum (Weigand et al., 2013), known also 
from the Iberian Peninsula, the Alps and the Dinarides. 
However, this seems implausible for Collembola species 
due to different lifestyle and ecology of the two groups. 
Another complementary process that might have taken part 
in shaping the extant distribution pattern of troglobiotic 
Verhoeffiella populations is extinction of a part of sub-
terranean populations, possibly due to climate changes in 
Pleistocene, particularly in the Alps (Mammola, Goodacre, 
& Isaia, 2018; Mammola, Schönhofer, & Isaia, 2019; Stoch 
& Galassi, 2010).

Radiation of Verhoeffiella within the Dinarides and the 
complex relationship with H.  nitidus in this region offer 
further possibilities for interpretation of colonization sce-
narios on the regional scale. As at continental scale, Dinaric 
Verhoeffiella lineages might originate from many simul-
taneous colonizations in different areas of Dinarides by a 
group of closely related epigean H.  nitidus—like ancestor. 
An alternative hypothesis, that could get more support at the 
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regional scale, is dispersal of the already adapted subterra-
nean lineages. In that case, Verhoeffiella lineages would have 
originated from a few separated colonization events, followed 
by dispersal via more or less continuous karst area and sub-
sequent speciation. This hypothesis is in line with the recent 
studies of Dinaric Leiodidae beetles of genera Anthroherpon 
and Hadesia, which suggest a long‐distance dispersal of 
the already adapted subterranean taxa (Njunjić et al., 2018; 
Polak et al., 2016). With the data set at hand, it is not possible 
to rule out one of the alternative hypotheses. However, the 
large magnitude of the spatial overlap of the five recognized 
Verhoeffiella lineages supports the multiple colonization hy-
pothesis. This is further corroborated by many co‐occurring 
species and MOTU pairs belonging to different Verhoeffiella 
lineages. As much as four highly divergent MOTUs from two 
lineages were found in a single cave.

Extinction of ancestor or related surface‐dwelling pop-
ulations is almost a universal rule for troglobiotic taxa of 
temperate regions (Culver & Pipan, 2019; Humpreys, 2000). 
It is possible that surface ancestor of Iberian Verhoeffiella 
population became extinct (climate relict hypothesis) (Peck 
& Finston, 1993), as Iberian lineages of H. nitidus included 
in our analysis did not cluster with Iberian Verhoeffiella pop-
ulations. Instead, they were nested within H. nitidus–Dinaric 
Verhoeffiella complex, suggesting that extant H. nitidus pop-
ulations might represent direct descendants of an ancestor of 
Dinaric Verhoeffiella. This hypothesis is supported by several 
lineages of H.  nitidus intermixed with lineages of Dinaric 
Verhoeffiella. However, we did not find direct evidence, for 
example Verhoeffiella–H. nitidus sister species pairs, which 
would unambiguously identify the H. nitidus lineage as a di-
rect surface relative to Verhoeffiella. Nevertheless, they are 
undoubtedly closely related. In any case, all colonization 
scenarios have to be treated with caution, especially due to 
low support for some relations within H.  nitidus–Dinaric 
Verhoeffiella complex. With data at hand, we cannot un-
doubtedly exclude even the possibility that H. nitidus could 
present a monophyletic group. If proven to be true, such a sce-
nario would imply that unsampled H. nitidus population, or 
an extinct epigean species, is ancestral to the whole radiation.

The comparison of colonization scenarios with other 
Dinaric terrestrial subterranean taxa is limited as their pos-
sible ancestors remain largely unknown. Evolutionary stud-
ies on beetles of the genera Anthroherpon and Hadesia have 
shown that their common ancestor probably already had a 
similar subterranean lifestyle (Njunjić et al., 2018; Polak 
et al., 2016). The primarily systematic studies on Zospeum 
(Gastropoda) (Inäbnit et al., 2019) and Alpioniscus (Isopoda) 
(Bedek et al., 2019) demonstrated a large spatial overlap of di-
vergent lineages, possibly suggesting similar complex coloni-
zation and speciation scenarios as in Verhoeffiella. However, 
their possible ancestor or extant surface relative remains 
unknown. Therefore, the discovery of a close relationship 

between the subterranean radiation of Verhoeffiella and the 
epigean lineage of H. nitidus represents an exceptional study 
system within the Dinarides, and even subterranean fauna of 
temperate areas.

4.5 | Estimations of divergence times
In the absence of reliable fossil calibrations for Collembola, 
we have employed estimates of substitution rates for distantly 
related tenebrionid beetles (Papadopoulou et al., 2010), as 
already used in several studies on Collembola (Katz et al., 
2018; Zhang, Yu, et al., 2014; Zhang, Yu, Stevens, & Ding, 
2018). Our results and the results of Katz et al. (2018), that 
also studied cave Collembola and used substitution rates for 
tenebrionid beetles, coincide well with the paleogeographic 
events in the respective geographical regions, Dinarides in 
Europe and the Salem Plateau in the United States. This sug-
gests that the use of substitution rates for tenebrionid beetles 
is likely appropriate for estimating Collembola divergence 
times.

Onset of the whole Verhoeffiella–Heteromurus nitidus 
clade, including divergence time of Verhoeffiella sister popu-
lations from Cantabria and Catalonia, is estimated to middle 
Miocene. This estimation coincides with the origin of other 
Pyrenean subterranean fauna, for example Trechini beetles 
(Faille et al., 2010). Estimation of divergence times within the 
Heteromurus nitidus–Dinaric Verhoeffiella complex enabled 
us to link the cladogenetic and speciation events to major pa-
leogeographic events. Estimated origin of all the major lin-
eages of this complex is dated in the late Miocene (5–7 MA), 
corresponding to the age of Messinian salinity crisis (5.96–
5.33 MA). This is also the timeframe that corresponds to high 
orogenic activity in the development of the Dinarides (Aliaj, 
2006; Vrabec & Fodor, 2006). In addition, during the middle 
part of the Lower Micene, extensive parts of Dinarides were 
covered by an ancient lake (Jiménez‐Moreno et al., 2009), 
which later disintegrated into a complex lacustrine environ-
ment (de Leeuw, Mandic, Krijgsman, Kuiper, & Hrvatović, 
2011). Lake area largely overlaps with the extant distribution 
of Dinaric Verhoeffiella populations. Therefore, the diversifi-
cation pattern of Verhoeffiella is likely to have been affected 
by the orogenic activity and the lake desintegration dynam-
ics. Most of the speciation events, that include continent–is-
land sister species pairs, were estimated to the Pleistocene 
(2.5 MA–11.7 k years ago), an age characterized by repetitive 
cycles of marine regressions and transgressions (Krijgsman, 
Hilgen, Raffi, Sierro, & Wilson, 1999), as well as glacia-
tions in the Dinarides (Hughes, Woodward, van Calsteren, & 
Thomas, 2011; Žebre & Stepišnik, 2014).

Very few studies of other subterranean taxonomic groups 
with divergence time estimation are available for comparison 
within the Dinarides. In the case of two sister taxa of subter-
ranean Leiodidae beetles, genera Hadesia and Anthroherpon, 
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there is some disagreement. Njunjić et al. (2018) states that 
speciation of both genera corresponds to the Miocene, while 
Polak et al. (2016) concluded that speciation within Hadesia 
occurred in Pleistocene. Messinian and Pleistocene sea‐level 
changes were already evoked as triggers for inter‐ and in-
traspecific diversification within amphipods and some ter-
restrial isopods of the Dinarides (Bedek et al., 2019; Delić, 
Švara, Coleman Charles, Trontelj, & Fišer, 2017). Further, 
the origin of most Dinaric taxa, whose ranges fully or par-
tially corresponds to those of Dinaric Verhoeffiella, are gen-
erally estimated to be of early or middle Miocene age (Bedek 
et al., 2019; Delić, Švara, et al., 2017; Njunjić et al., 2018; 
Trontelj et al., 2007). Our data on Verhoeffiella showed a 
somewhat different pattern, with relatively young coloniza-
tion of subterranean habitats dated in the late Miocene (5–7 
MA), which produced remarkable subterranean radiation 
within the Dinarides. Linking the subterranean radiation of 
Verhoeffiella to major paleogeographic events provides im-
portant insight into processes that drove invertebrate diversi-
fication within Dinaric terrestrial subterranean habitats.
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