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ARTICLE INFO ABSTRACT

Keywords: Iuridae is a family of scorpions that exhibits a highly complex biogeographic and taxonomic history. Iuridae taxa
Ancient scorpion clades are mainly found in Turkey and Greece, whereas a single species is found in northern Iraq. Several taxonomic
Greece

revisions have been conducted on this family that initially comprised two genera. The latest taxonomic review,
based on morphological and anatomical features, raised the number of Iuridae genera to four, and the number of
species to 14.

Sequence data from three molecular markers (COX1, 16S rDNA, ITS1) originating from numerous Iuridae taxa
were analyzed within a phylogenetic framework. Divergence time-estimate analyses, species delimitation ap-
proaches and estimation of ancestral areas were implemented in order to: (1) reconstruct the phylogenetic re-
lationships of the Iuridae taxa, (2) evaluate the morphological classifications, and (3) obtain insights into the
biogeographic history of the family in the East Mediterranean.

The multi-locus phylogeny clearly confirms an ancient division into two clades, Calchinae and Iurinae. Ancient
patterns of isolation and dispersal are revealed. Both subfamilies are largely confined to the Anatolian peninsula
and its few coastal islands; only the most derived genus Iurus has dispersed westward to Crete and Peloponnese.
Based on our findings, three new genera of Iurinae (Metaiurus, Anatoliurus, and Letoiurus) are established. The

Multi-locus phylogeny
Species delimitation
Turkey

genus Neocalchas emerges as one of the most ancient scorpion clades, with divergence time about 27 mya.

1. Introduction

The East Mediterranean scorpion family Iuridae is considered the
most basally branching family in one of the major taxonomic divisions of
the order, which is parvorder Iurida (Santibanez-Lopez et al., 2019a;
Sharma et al., 2018; Sharma et al., 2015; Soleglad and Fet, 2003). Iur-
idae possess many relict morphological features. Their intriguing rela-
tionship with other scorpion families is a subject of an active current
debate: a long-standing sister relationship (and a remarkable geographic
disjunction) with the New World families Hadruridae and Car-
aboctonidae (Francke and Soleglad, 1980; Santibanez-Lopez et al.,
2019b; Santibanez-Lopez et al., 2020; Soleglad and Fet, 2003) has been
recently challenged in phylogenomic studies (Ballesteros et al., 2022;
Santibanez-Lopez et al., 2022; Sharma et al., 2015).
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The taxa of Iuridae (in a strict sense) are found predominantly in
Turkey and Greece (including some Aegean islands) and are quite
widespread (Fig. 1). However, until recently Iuridae were extremely rare
in museum collections and any study of these interesting scorpions was
severely limited. The first species of Iurus Thorell, 1876 was described
from Greece (Peloponnese), a large and very conspicuous I. dufoureius
(Brullé, 1832), which was also recorded for Crete; now Crete population
is a separate species I. dekanum (Roewer, 1943). Another taxon from the
middle Taurus Mountains of southern Anatolia was first described as a
subspecies Iurus dufoureius asiaticus Birula, 1903. About the same time, a
quite different scorpion genus Calchas Birula 1899, was described from
northeastern Anatolia. Calchas remained obscure until the pioneering
studies of Vachon (1971, 1974), who discovered its close relationship
with Iurus. With additional material collected and analyzed (Francke
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and Soleglad, 1980; Kinzelbach, 1975, 1980; Kritscher, 1993), a quite
different story for Iuridae was revealed; it became clear that this family
houses relict East Mediterranean taxa. The first pilot phylogeny of
scorpions (Soleglad and Fet, 2003) established the basal position of
Turidae within non-buthid scorpions. One of the first DNA phylogenies
generated by our research group (Parmakelis et al., 2006b) specifically
addressed the intriguing genus Iurus.

Over the last decade, several taxonomic papers specifically devoted
to Greek and Turkish Iuridae have been published (Fet et al., 2009;
Kovarik et al., 2010; Soleglad et al., 2012; Stathi et al., 2010; Yagmur
et al., 2015a, 2013, 2015b). These authors revised all known taxa of
Iuridae in detail, discovered and studied many novel morphological
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traits, and described several new species and two new genera. A
morphology-based phylogeny of Iuridae was established at species level,
which, however, remained to be evaluated by DNA analysis. The cited
taxonomic papers should be consulted for all details on species
morphology and distribution. They include detailed labels and locality
lists of hundreds of currently known museum specimens, most of which
were collected recently by our research team and collaborators. Pres-
ently, the family Iuridae is comprised of four genera and 14 species.

In the present study, the phylogeny of the Iuridae family is recon-
structed within a multi-locus molecular phylogeny framework. To the
best of our knowledge, this is the first comprehensive phylogenetic study
of Iuridae involving 12 out of the 14 Iuridae species currently known. In

~ * Anatoliurus kraepelini (von Ubisch, 1922)
~ ~ Anatoliurus kumlutasi (Yagmur et al., 2015) =
'\ ® lurus dekanum (Roewer, 1943)
- ® lurus dufoureius (Brullé, 1832)
@ Jurus kinzelbachi Kovarik et al., 2010
4 Letoiurus rhodiensis (Soleglad et al., 2012)
® Metaiurus kadleci (Kovarik et al., 2010)
® Metaiurus stathiae (Soleglad et al., 2012)
* Protoiurus asiaticus (Birula, 1903)

e Caichas anlasi Yagmur et al., 2013
§ A Calchas birulai Fet et al., 2009 >
@ Calchas kosswigi Yagmur etal., 2013

* Calchas nordmanni Birula, 1899

m Neocalchas gruberi

(Fet et al., 2009)

Fig. 1. (a) Distribution map of the subfamily Iurinae. (b) Distribution map of the subfamily Calchinae. In both maps, arrows next to species symbols indicate the type
locality of the respective species. Maps were generated using SimpleMappr (Shorthouse, 2010).
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addition, a molecular dating analysis was performed to reconstruct the
evolutionary history of the family in the East Mediterranean.

2. Materials and methods
2.1. Samples, DNA extraction, amplification, and sequencing

In the present study, sequence data originating from 23 localities in
Turkey and seven (7) localities in Greece (one mainland and six insular)
are analyzed (Fig. 1). Details on the sequence data generated in the
present study and those retrieved from GenBank are presented in
Table 1. Geographic information relating to the sampled localities is
provided in Table 1. The sampling within Turkey and Greece was quite
extensive and covered the distributional range of all Iuridae species
described from these areas (distributional ranges of taxa: Fig. 2). Spec-
imens were assigned to species based on morphological characters
(pedipalp chela morphology, trichobothrial patterns, etc.) following
current taxonomy (Soleglad et al., 2012; Yagmur et al., 2013).

Genomic DNA was extracted from ethanol preserved specimens
using either the CTAB protocol as modified by Parmakelis et al. (2003)
or the NucleoSpin Tissue DNA purification kit (Macherey-Nagel),
following the manufacturer’s instructions. DNA extractions were visu-
ally inspected through electrophoresis in an ethidium bromide-stained
agarose gel. DNA extractions and respective specimens are maintained
in the laboratory of Dr. Parmakelis in the National and Kapodistrian
University of Athens. For each specimen, through properly adjusted PCR
assays, we aimed to amplify fragments of two mitochondrial DNA
(mtDNA) and one nuclear DNA (nuDNA) marker. The mtDNA markers
targeted were the cytochrome oxidase subunit I (COX1) and the large
ribosomal subunit (LSU; 16S rDNA). The targeted contiguous nuclear
region included the 3’ end of the small ribosomal subunit (SSU; 188S), the
complete internal transcribed spacer 1 (ITS1), and the 5’ end of the 5.8S
gene (henceforth called ITS1). In the amplification of the 16S rDNA,
either the scorpion-specific primers reported by Gantenbein et al. (1999)
or the universal primers (16S_BR_LR_12887/16S_AR LR 13398) of
Simon et al. (1994) were used. For the amplification of the COX1 gene
fragment, the universal primers C1-N-2191 and C1-J-1718 (Simon et al.,
1994) were used. The primer pair DT421/CS249 reported by Salomone
etal. (2007) was used in the amplification of the ITS1 fragment. For each
gene fragment, PCR reactions were performed in a 25-pL volume, where
1-2 uL of template DNA was mixed with 0.2 mM dNTPs, 0.25 uM of each
primer, and 0.1 units of Taq Polymerase. The concentration of the MgCl,
was 2.5 mM. Thermocycling was performed in either a MyCycler (Bio-
Rad) or a TProfessional (Biometra) thermocycler. The cycle programs
for 16S rDNA and COX1 comprised an initial denaturation step at 95 °C
for 3 min, followed by 40 cycles of 30 s at 95 °C, 1 min at 40 °C, and 1.5
min at 72 °C. The cycling was ended with 10 min sequence extension at
72 °C. For ITS1, the PCR settings differed in the annealing temperature
that was adjusted to 48 °C.

All PCR generated amplicons were purified using a commercial kit
(Macherey-Nagel) before being sequenced. Automated sequencing of
both strands of amplicons was performed using Big-Dye terminator
chemistry. The primers used in the sequencing reactions were the same
as in the PCR amplifications. At this point it must be noted that there
were not any ITS1 sequences generated containing spurious ambiguous
positions that would be indicative of heterozygous positions. All se-
quences produced for the present study have been deposited in Gen-
Bank. Accession numbers are provided in Table 1.

2.2. Alignment of sequences and analysis

Generated sequences were edited using CODONCODE ALIGNER,
version 2.06 (Genecodes Corporation). The homology of the generated
sequences to the targeted loci were evaluated through a BLAST search.
In all alignment efforts CODONCODE ALIGNER and the Clustal algo-
rithm was implemented. In all analyses, the gaps present in the
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alignments of the 16S rDNA and ITS1 were treated as missing. The ge-
netic distances separating individual sequences were calculated using
MEGA 7 (Kumar et al., 2016) and the uncorrected p-distance. This dis-
tance measure was estimated for each locus separately.

2.3. Phylogenetic analyses

Phylogenetic relationships were reconstructed using Bayesian
Inference (BI) and Maximum Likelihood analysis (ML). Unless stated
otherwise, PartitionFinder v.2.1.1 (Lanfear et al., 2016) and the
Bayesian Information Criterion (BIC) were used to calculate and select
the partitioning scheme and DNA substitution models that were the best
fit for the dataset being analyzed. The phylogenetic methods described
below were applied in three different datasets. The first dataset
comprised only the COX1 and 16S rDNA sequence data, the second
included only the nuclear region (ITS1), whereas the third dataset was
concatenated comprising all three gene fragments. In all phylogenetic
analyses we used Hoffmannihadrurus aztecus (Hadruridae) and Euscor-
pius cf. corcyraeus (Euscorpiidae) as outgroup taxa, whereas in the spe-
cies delimitation approaches (see further below) only Hoffmanihadrurus
aztecus was used as an outgroup. The sequence data of the outgroup
species were retrieved from GenBank (see Table 1 for details). Details for
the three different datasets and the partition scheme applied are given in
Table S1. The phylogenetic trees were viewed with FigTree v.1.4.3.

Bayesian Inference was performed using MrBayes v.3.2.7 (Ronquist
et al,, 2012). The parameters of the different substitution models
implemented, were unlinked across partitions. Two independent runs
with four chains each were run for 10’ generations. Parameters’ sam-
pling frequency was set to the default value. Evaluation of convergence
between the different runs relied on the metrics suggested by the soft-
ware’s authors in the respective manual (Ronquist et al., 2020). More
specifically, convergence of parameter values was assessed using
TRACER, version 1.7.1 (Rambaut et al., 2018). Pooled postburn-in
effective sample sizes (ESS) for all parameters were greater than 400,
indicating that the pooled log file accurately represented the posterior
distribution (Kuhner, 2009). In addition to the ESS values, for an anal-
ysis to be considered as having reached convergence, the average
standard of split frequencies would have to be <0.01. The first 25% of
the samples were discarded as burn-in. The remaining samples were
used to summarize the parameters and the branch support (posterior
probabilities, pp) of the inferred phylogenetic tree (50% majority rule
consensus tree).

Maximum Likelihood was performed using the IQTREE2 software
(Minh et al., 2020) through the web server https://iqtree.cibiv.univie.
ac.at/. The partition scheme and the nucleotide substitution models
applied in the dataset being analyzed was the one suggested by Mod-
elFinder (Kalyaanamoorthy et al., 2017) as implemented in the model
selection procedure of the IQTREE2 server. The partition of the dataset
was provided as input but the “partition merging” option was selected,
and the “relaxed clustering” value was set to 10% (partition merging was
not implemented in the analysis of the dataset comprised only of ITS1).
The consensus tree of the ML analyses relied on 10% bootstrap align-
ments using the ultrafast option of branch support analysis. In addition
to the bootstrap branch support analyses, two additional branch support
methods were also implemented in the ML phylogeny reconstruction.
These were the SH-like approximate likelihood ratio test (Guindon et al.,
2010) and the approximate Bayes test (Anisimova et al., 2011) as
implemented in IQTREE2 software.

2.4. Species delimitation

Three different species delimitation methods were applied. The first
one was the multi-rate Poisson Tree Processes (mPTP), which is an
improved and more accurate method for delimiting species compared to
the traditional PTP method (Kapli et al., 2017). The purpose of this
analyses was to identify the “independently evolving” ingroup entities
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Table 1
Details on the geographic origin of specimens/taxon used in the present work. Outgroup taxa are indicated. Sample codes of specimens as used in the phylogenetic
analyses are given. GenBank accession numbers are provided. In the “Province” column “n.a.” stands for Not Applicable.

Species Country  Province District Locality Latitude Longitude Sample code GenBank Accession
Numbers (16Sr
DNA/COX1/ITS1)
Anatoliurus kraepelini Greece n.a. South Kastelorizo (Megisti) 36°08'20" 29°34'50" S14 Kastelorizo ON685236/
Aegean Island, Palaiokastro ON678023/
ON685282
Anatoliurus kraepelini Greece n.a. South Kastelorizo (Megisti) 36°08'20" 29°34'50" S9_Kastelorizo ON685233/
Aegean Island, Palaiokastro ON678020/
ON685279
Anatoliurus kraepelini Turkey Antalya Akseki Guzelsu Village, fork in 36°56'54.5" 31°45'41.7" Gzs_50_1 ON685257/
the road ON678049/
ON685308
Anatoliurus kraepelini Turkey Antalya Akseki Guzelsu Village, fork in 36°56'54.5" 31°45'41.7" Gzs_50_2 ON685258/
the road ON678050/
ON685309
Anatoliurus kraepelini Turkey Antalya Alanya Alanya N/A N/A S16_Alanya ON685237/
ON678024/
ON685283
Anatoliurus kraepelini Turkey Antalya Elmali Gomucu Village 36°24'04" 29°41'58" Gme_48 2 ON685255/
ON678047/
ON685306
Anatoliurus kraepelini Turkey Antalya Elmali Gomucu Village 36°24'04" 29°41'58" Gme_48_3 ON685253/
ON678045/
ON685304
Anatoliurus kraepelini Turkey Antalya Finike Alacadag Mountains, 36°26'12" 30°02'22" Roa 551 ON685261/
Turbe road ON678053/
ON685312
Anatoliurus kraepelini Turkey Antalya Goynuk Goynuk Valley, Lycia 36°41'18" 30°31'33" Goy_49a_3 ON685256/
road ON678048/
ON685307
Anatoliurus kraepelini Turkey Antalya Kas Elmali road 36°21'30" 29°29'00” Elm_46_1 ON685250/
ON678042/
ON685301
Anatoliurus kraepelini Turkey Isparta Egirdir Kovada Lake, fork in the =~ 37°38'01” 30°51'41" Kov_ 531 ON685259/
road ON678051/
ON685310
Anatoliurus kraepelini Turkey Konya Beysehir 3 km SW from 37°40'27.1" 31°22/38.2" Kur 54 1 ON685260/
Kurucuova Village ON678052/
ON685311
Calchas birulai Turkey Adiyaman  Gerger Aydinlar Village 38°03'41" 39°06'44" Ayd 4.1 ON685216/
ON678003/
ON685262
Calchas birulai Turkey Adiyaman  Gerger Aydinlar Village 38°03'41" 39°06'44" Ayd 4.3 ON685217/
ON678004/
ON685263
Calchas birulai Turkey Gaziantep ~ Araban Kokliice Village 37°28'36" 37°36'51"” Kkl 141 ON685219/
ON678006/
ON685265
Calchas birulai Turkey Gaziantep  Araban Kokliice Village 37°28'36" 37°36'51" Kkl 142 ON685220/
ON678007/
ON685266
Calchas birulai Turkey Mardin Mazidag: 20 km W from Surgucu 37°30'02" 40°37'13" Sur_ 17_1 ON685221/
Village ON678008/
ON685267
Calchas birulai Turkey Sanliurfa Siverek Karacadag Mts. 37°32'26" 39°49'55" Kar 111 ON685218/
ON678005/
ON685264
Calchas kosswigi Turkey Siirt Baykan 20 km SW from Baykan 38°03'08" 41°46'50" Bay_20_1 ON685224/
Town ON678011/
ON685270
Calchas kosswigi Turkey Siirt Central 2 km W from 37°55'25" 42°05'14" Mey 22 2 ON685225/
Meydandere Village ON678012/
ON685271
Calchas kosswigi Turkey Siirt Central 2 km W from 37°55'25" 42°05'14" Mey_26_3 ON685234/
Meydandere Village ON678021/
ON685280
Calchas kosswigi Turkey Siirt Central 2 km W from 37°55'25" 42°05'14" Mey_26_2 ON685232/
Meydandere Village ON678019/
ON685278
Calchas nordmanni Turkey Artvin Ardanug 2 km W from Ardanug 41°08'01” 42°03'01" Ard 232 ON685226/
Town, Cehennemderesi ON678013/
Valley ON685272
Calchas nordmanni Turkey Artvin Central Hatila Valley NP, around 41°13'01.5” 41°46'57.9" Hat_24 2

entrance gate

(continued on next page)
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Table 1 (continued)
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Species

Country

Province

District

Locality

Latitude

Longitude

Sample code

GenBank Accession
Numbers (16Sr
DNA/COX1/1TS1)

Calchas nordmanni

Calchas nordmanni

Calchas nordmanni

Calchas nordmanni

ITurus dekanum

Turus dekanum

Turus dufoureius

Turus dufoureius

Turus dufoureius

Turus dufoureius

Turus dufoureius

Turus kinzelbachi

Turus kinzelbachi

Metaiurus kadleci

Metaiurus stathiae

Neocalchas gruberi

Neocalchas gruberi

Neocalchas gruberi

Protoiurus asiaticus

Protoiurus asiaticus

Protoiurus asiaticus

Letoiurus rhodiensis

Letoiurus rhodiensis

Letoiurus rhodiensis

Turkey

Turkey

Turkey

Turkey

Greece

Greece

Greece

Greece

Greece

Greece

Greece

Turkey

Turkey

Turkey

Greece

Greece

Turkey

Turkey

Turkey

Turkey

Turkey

Greece

Greece

Turkey

Artvin

Artvin

Artvin

Artvin

n.a.

n.a.

n.a.

Aydin

Aydin

Antalya

n.a.

n.a.

Antalya

Antalya

Adana

Adana

Adana

n.a.

n.a.

Mugla

Central

Central

Yusufeli

Yusufeli

Crete

Crete

Attiki

Attiki

Peloponnese

Peloponnese

Peloponnese

Kusadasi

Kusadasi

Alanya

South

Aegean

South
Aegean

Kas

Pozanti

Pozanti

Pozanti

South
Aegean

South
Aegean

Fethiye

Hatila Valley NP, around
entrance gate

Hatila Valley NP, around
entrance gate

Ogdem Village

Ogdem Village
Rethymno, Mariou
Rethymno, Melisoudaki
Kithira Island, Agia Sofia

Cave

Kithira Island, Agia Sofia
Ccave

Messinia, Mani
Messinia, Mani
Messinia, Mani
Guzelcamli Village
Guzelcamli Village
Tasatan Plateau
Karpathos Island,

Mesochori to Piles

Kastelorizo (Megisti)
Island, Palaiokastro

between Kasaba and Kas
Towns

between Kasaba and Kas
Towns

Pozanti Town

Pozanti Town

Pozanti Town

Rhodes Island, Masari

Rhodes Island, Masari

Domuz Island

41°13'01.5"

41°13'01.5"

40°54'49.2"

40°54'49.2"

35°12/03.0”

35°16/30”

36°15'10”

36°15'10"

36°45'40"

36°45'40"

36°45'40"

37°41'22.15"

37°41'22.15"

36°38'18.3”

35°30' 55”

36°08'20"

36°14'47.7"

36°14'47.7"

37°26'09.7"

37°26'09.7"

37°26'09.7"

36°11'00"

36°11'00"

36°39'58.1"

41°46'57.9”

41°46'57.9”

41°36'45.5"

41°36'45.5"

24°25'00.0”

24°14/40"

22°59'40"

22°59'40"

22°28'10"

22°28'10"

22°28'10”

27°13'35.70"

27°13'35.70"

32°03'35.1”

27°08'50"

29°34'50"

29°42'11.1"

29°42'11.1"

34°54'40.4"

34°54'40.4"

34°54'40.4"

28°04'40”

28°04'40”

28°53'36.9”

Hat_24_4

Kar 112

0gd_ 251

0gd_25_4

I1_Crete

S3_Crete

S1 _Kithira

S18 Kithira

$19_Peloponnisos

$20_Peloponnisos

S7_Peloponnisos

Gzm_35a_1

Gzm_35a_2

Tas_44_1

S2_Karpathos

$10_Kastelorizo

Ksb_18_1

Ksb_18_2

Poz_ 421

Poz_42 2

Poz_ 423

S12 Rhodes

S8_Rhodes

Dom_45_1

ON685227/
ON678014/
ON685273
ON685228/
ON678015/
ON685274
ON685230/
ON678017/
ON685276
ON685229/
ON678016/
ON685275
ON685231/
ON678018/
ON685277
ON685238/
ON678027/
ON685286
DQ106906/
ON678032/
ON685291
DQ106908/
ON678028/
ON685287
ON685239/
ON678029/
ON685288
ON685240/
ON678030/
ON685289
ON685241/
ON678031/
ON685290
DQ106909/
ON678033/
ON685292
ON685242/
ON678034/
ON685293
ON685243/
ON678035/
ON685294
ON685248/
ON678040/
ON685299
DQ106905/
ON678025/
ON685284
ON685223/
ON678010/
ON685269
ON685222/
ON678009/
ON685268
ON685245/
ON678037/
ON685296
ON685244/
ON678036/
ON685295
ON685246/
ON678038/
ON685297
ON685247/
ON678039/
ON685298
ON685235/
ON678022/
ON685281
DQ106907/
ON678026/
ON685285

(continued on next page)
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Table 1 (continued)
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Species Country  Province District Locality

GenBank Accession
Numbers (16Sr
DNA/COX1/1TS1)

Latitude Longitude Sample code

Letoiurus rhodiensis Turkey Mugla Fethiye Domuz Island

Letoiurus rhodiensis Turkey Mugla Fethiye Faralya Village

Letoiurus rhodiensis Turkey Mugla Fethiye Faralya Village

Outgroup taxa
Euscorpius cf. corcyraeus Greece n.a.

(outgroupl)

Epirus Parga

Hoffmannihadrurus
aztecus (outgroup2)

Mexico not specified

ON685249/
ON678041/
ON685300
ON685252/
ON678044/
ON685303
ON685251/
ON678043/
ON685302
ON685254/
ON678046/
ON685305

36°39'58.1" 28°53'36.9” Dom_45_3

36°29'41.1" 29° 8'15.0” Far_ 47_1

36°29'41.1" 29° 8'15.0” Far_47_2

39°16/'58.9” 20°23'56.2" Euscorpius cf.

corcyraeus

KC215668/
KC215585/
KC215839
MF134787/
MF134686/not
available

not specified not specified Hoffmannihadrurus

aztecus

@®/urus dekanum (Roewer, 1943)

® lurus dufoureius (Brullé, 1832)

® Jurus kinzelbachi Kovarik et al., 2010
A Letoiurus rhodiensis (Soleglad et al., 2012) @ Calchas nordmanni Birula, 1899

M Metaiurus kadleci (Kovarik et al., 2010)

® Protoiurus asiaticus (Birula, 1903)
@ Calchas birulai Fet et al., 2009
@ Calchas kosswigi Yagmur et al., 2013

'V Neocalchas gruberi (Fet et al., 2009)

P e ——

Fig. 2. Sampled Iurid specimens used in the analyses, originate from the localities depicted on the map. Geographic details of localities are provided in Table 1. The

distributional ranges of the studied taxa are shown in Fig. 1.

based on the mtDNA gene fragments. Therefore, this analysis was
applied only on the mtDNA dataset (see Table S1). The mPTP computes
the ML delimitation from a phylogenetic tree provided as input and
then, it computes the support values for each clade using MCMC, in
order to assess the confidence of the ML delimitation (Kapli et al., 2017).
The mPTP web server available at https://mptp.h-its.org/ was used to
run the analysis. The input for the mPTP method was a binary, rooted
Bayesian inference (BI) phylogenetic tree that was reconstructed with
MrBayes v.3.2.7 using the settings described in the phylogenetic ana-
lyses above. For mPTP the Bayesian inference (BI) tree was rooted only
with Hoffmannihadrurus aztecus.

The BEAST2v.2.6.6 (Bouckaert et al., 2019) package STACEY v.1.2.5
(Species Tree And Classification Estimation, YARELY) was used to
implement the second species delimitation method. STACEY

implements a Bayesian method for inferring both species delimitations
and species trees under the multispecies coalescent model using mo-
lecular sequences from multiple loci. For this method no a priori
assignment of individuals and no guide tree are required (Jones, 2017).
As stated in Jones (2017) when implementing STACEY, the minimal
clusters may be merged but not split to form additional potential species.
Since each minimal cluster holds one individual, the possible number of
species ranges from one to the total number of individuals present in the
analyses.

In the STACEY approach the concatenated dataset (Table S1)
including both the mtDNA gene fragments (COX1, 16S rDNA) and the
nuclear region (ITS1), was used in this analysis. The approach was
implemented separately-three times, firstly by assigning individuals to
minimal clusters based on current taxonomy (taxonomy approach),
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secondly by assigning individuals to minimal clusters based on the
monophyletic groups supported by the phylogenetic analyses (mono-
phyly approach) and thirdly using the minimal clusters inferred by the
mPTP analyses (mPTP approach). During the input file setup in Beauti
v.2.6.6, the BEAST Model Test (Bouckaert and Drummond, 2017) option
was selected for nucleotide model assignment in partitions. The dataset
was partitioned as described in Table S1. Regarding the remaining
priors, the birth death model was used to estimate the species tree
[priors: collapse height = 0.0001, collapse weight = 0.5 using a beta
prior]. For the coalescent analysis the ploidy was set to 1 for the ITS1
partition and 0.5 in all mtDNA partitions. In the clock model, a relaxed
lognormal clock prior was enforced. This model was chosen since the
assumption of a constant substitution rate in an analysis involving
highly divergent species, would be too constraining. The relative clock
rates of all the gene fragments were estimated and a lognormal (lower =
0.0, upper = 1.0) prior was assumed for these. The MCMC analysis was
run for 10® generations, saving the results every 10° generations.
Convergence of the analysis was evaluated through the inspection of the
effective sample sizes (ESS) using Tracer v.1.7.1 (Rambaut et al., 2018)
and the analysis was considered to have reached convergence when the
ESS (after discarding the burnin) attained values greater than 200.
Finally, the most supported number of distinct clusters was estimated
using SpeciesDelimitationAnalyser v1.8.0 (Jones, 2017) through the
analysis of the MCMC tree samples with a burn-in of 25%. The default
collapse height of 0.0001 was used.

BPP v.4.4.0 (Flouri et al., 2018) was used to validate the number of
species inferred through the previous species delimitations methods.
BPP is a multi-locus, coalescent-based method that makes use of prior
demographic information and divergence times and estimates the pos-
terior distribution for different species delimitation suggestions. The
number of species delimited from each of the methods described above,
was different. Therefore, to run the BPP we formatted the input file to
reflect the suggestion of each of the three delimitation approaches
(taxonomy approach, monophyly approach, mPTP approach) that were
implemented in STACEY as well. Outgroup taxa were not included in the
BPP analyses. In all BPP runs, the two mtDNA loci were treated as a
single locus that was analyzed jointly with the nuclear locus. Therefore,
as suggested in Flouri et al. (2018) both the “heredity” and the “locus-
rate” control variables were properly set in all runs. We implemented the
A10 algorithm using as (fixed) guide tree the BI phylogenetic tree pre-
viously generated with all three gene fragments (concatenated dataset).
The finetune option was enforced in the analysis and several preliminary
runs were performed before choosing the most appropriate initial priors.
The analyses with the most appropriate priors were performed twice to
ensure convergence. In each run, the number of generations was 106,
sampling frequency was set to 2 and a 10% burn-in was applied. The
guide phylogenetic tree generated from each of the three different BPP
analyses performed, with the posterior probability for presence of nodes
was viewed with FigTree v.1.4.3.

2.5. Divergence time estimates

To reconstruct a dated phylogeny of the Iuridae we used BEAST
v.1.10.4 (Suchard et al., 2018) and the concatenated dataset (Table S1).
The dataset was partitioned per locus, therefore there were three
different partitions in total (COX1, 16S rDNA and ITS1). PartitionFinder
and the Bayesian Information Criterion (BIC) was used in the model
fitting process. Substitution and clock models were unlinked across the
partitions. An uncorrelated relaxed molecular clock was applied in each
partition. The clock rates applied were retrieved from scorpion litera-
ture. More specifically the clock rate implemented for COX1 (mean =
0.0079, standard deviation = 0.00146) was the one reported for Iurus in
Parmakelis et al. (2006b), whereas for 16S rDNA, the rate (mean =
0.005, standard deviation = 0.00270) used in Loria and Prendini (2020)
was applied. The rate of ITS1 was estimated relatively to the rates
applied for COX1 and 16S rDNA. In applying the rates, our aim was to
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ensure that 95% of the distribution would include minimum and
maximum values of the COX1 and 16S rDNA loci in scorpions. To
generate the ultrametric tree, two independent runs with a chain length
of 108 were executed and sampling was performed every 10* iterations.
In each run, convergence was evaluated through Tracer v.1.7.1 (see
convergence reasoning in 2.4). Independent runs were combined using
LogCombiner v.1.10.4, after discarding the first 10% of each run as
burn-in. The MCC tree was generated using TreeAnnotator v.1.10.4 and
viewed using FigTree v.1.4.3.

2.6. Ancestral range estimation

Ancestral range reconstruction for the time-calibrated phylogenetic
tree was implemented using the BioGeoBEARS v. 1.1.2 package in R v.
4.1.2. The input files and analyses settings followed the instructions
provided for the package that are available in https://phylo.wikidot.
com/biogeobears. Outgroups were not included in the analyses and
each species was represented in the tree with a single lineage. The R
package ape v.5.6-1 was used to prune the time-calibrated tree. The four
areas (A, B, C and E, Fig. 5) used for Turkey, are located within bio-
regions identified in the area in previous studies of Turkish faunal and
floral elements (Casale and Taglianti, 1999; Kornilios et al., 2011; Kot-
sakiozi et al., 2018; Lopez-Pujol et al., 2016; Noroozi et al., 2019; Senkul
and Kaya, 2017; Skourtanioti et al., 2016). It has to be noted here, that
area A besides the areas of mainland Turkey, includes the Greek islands
of Rhodes and Megisti (Kastelorizo) as well. Similarly for Greece, the
three areas (D, F and G, Fig. 5) used in the ancestral area reconstruction
analyses have been identified in previous faunal studies from the region
(Kornilios et al., 2009; Kotsakiozi et al., 2018; Parmakelis et al., 2013;
Parmakelis et al., 2005; Parmakelis et al., 2006a; Parmakelis et al.,
2006b; Skourtanioti et al., 2016). Each terminal species was scored as
present or absent in the predefined areas for Turkey and Greece. The
maximum number of areas a species can occupy was limited to two. Two
model comparisons analyses were performed, the first involved the
comparison of the models BAYAREALIKE, DEC, and DIVALIKE, and the
second one involved the same models with the addition of the parameter
jump-dispersal “j”, which allows for a founder-event speciation to be
evaluated as well (Matzke, 2014).

3. Results
3.1. Sequence data

We successfully generated sequence data for all three gene fragments
targeted (COX1, 16S rDNA, ITS1) in all the specimens included in the
analyses. Following the removal of low-quality sequencing signals from
the 5 and 3’ ends of the amplified fragments, we obtained the loci
datasets described below. The COX1 sequence dataset was comprised of
609 bp. Out of these, 203 were variable and 163 were parsimony
informative. In 16S rDNA, there were 200 and 137 out of 531 bp that
were variable and parsimony-informative, respectively. The majority of
the generated sequences of the targeted nuclear region included the
whole sequence of the ITS1 region and only a few of them included very
small parts of either 18S rDNA or 5.8S. The aligned ITS1 dataset was
510 bp in length and included 169 variable and 108 parsimony-
informative sites. At this point we must note that a single ITS1 “allele”
was retrieved in all Iuridae specimens. Therefore, no “intra-specimen”
ITS1 variation was recorded.

The levels of sequence divergence based on the p distance metric,
between individual Iuridae sequences ranged between 0% and 17.0%,
0% and 21%, 0% and 22%, for COX1, 16S rDNA and ITS1, respectively.

3.2. Phylogenetic analyses

The results of the phylogenetic analyses based on the concatenated
dataset are presented in Fig. 3. This analysis provided an almost fully
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Fig. 3. Fifty percent majority-rule consensus tree of the Bayesian Inference (BI) analysis performed with MrBayes (the scale bar represents nucleotide substitutions
per site). Number next to the nodes represent the posterior probabilities (only values below 0.95 are shown). Major nodes of the phylogenetic tree are named using
the letters A to R. Although not shown, the Maximum Likelihood analysis branch support (three branch support methods) is highly congruent with that of the BI
analysis. The distribution of Iuridae taxa into candidate species as inferred by the various species delimitation methods (one column per method), is indicated on the
side of the BI analysis tree. The total number of species delimited by each method is shown at the bottom of each column. Species assignments based on taxonomy as
revised herein, are shown. The number of species validated for each species delimitation method by the BPP analysis is also reported. Species not validated (i.e.,
collapsed into a single species) by the BPP analysis are included in brackets. The embedded picture shows three iurid species aiming to highlight the size differences
between the Iurinae and the Calchinae. Scale bar is 10 mm.
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resolved phylogenetic tree, thus is the one presented and commented
upon. The majority-rule consensus BI tree is depicted in Fig. 3 and only
posterior probabilities below 0.95 are indicated on the nodes. Con-
cerning the major cladogenetic events, the topology of the ML analysis
was identical to that of the BI analysis. The branch support between the
BI and the ML methods was largely congruent in most of the nodes.
However, it is evident that there are some nodes that were not resolved
in either of the analyses. The respective statistical support of the BI
(MrBayes) analysis is indicated on the nodes of the tree presented in
Fig. 4, whereas the corresponding values from the ML (IQTREE2)
analysis (three different methods of branch support analysis), are pre-
sented in Table S2. The major nodes of the phylogenetic tree are named
using the letters A to R.

3.3. Species delimitation

Based on mPTP that relied solely on the mtDNA BI tree, the number
of candidate species of Iuridae is 14 and as already mentioned, based on
the BI tree, the monophyletic groups inferred are 17. At the same time,
according to the current taxonomy of Iuridae, 12 species are present on
the phylogenetic tree. The three different analyses performed using the
STACEY method have not been able to reject any of the candidate spe-
cies of any of the analyses. Thus, according to STACEY, all 12
morphologically identified clades (taxonomy approach) are candidate
species. The same finding holds both for the 17 candidate species
identified by adopting the monophyly approach and the 14 species
identified by the mPTP approach.

The species validation approach using BPP provided maximal sup-
port (pp = 1.00) to the majority of the species suggestions of each de-
limitation approach (taxonomy approach, monophyly approach, mPTP
approach). At the same time, some species suggestions were identified as
not likely valid. The posterior probability threshold for not validating a
species suggestion was set to 0.75. More specifically, in the taxonomy

Median time estimate / 95% HPD interval
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@ 2678117203977 @) 1621110632267
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approach out of the 12 species, 11 were validated, thus the presence of
one (1) species was not supported by the data. In the monophyly
approach out of the 17 species 12 were validated. Finally, in the mPTP
approach the presence of 11 out of the 14 candidate species were
supported.

The results of the BPP analyses are presented in detail in Fig. 3.
Following the validation of species suggestions using BPP, a general
consensus regarding the number and the composition of species
emerged. However, there was also one case in which the discrepancy
persisted. This case regarded the species Protoiurus kraepelini (von
Ubisch, 1922), that based on the monophyly criterion it could be split
into two separate taxa (see Fig. 4). This split suggestion was not rejected
by STACEY or the BPP analyses that were performed based on the
monophyly criterion of clustering individual specimens. In contrast, this
split was not supported when BPP validation analyses was implemented
on the species delimitation suggestion of the mPTP method that
included this split (Fig. 4). At the same time, according to morphology
all P. kraepelini specimens of our study form a single clade.

3.4. Divergence time estimates

The time-calibrated tree inferred using BEAST is presented in Fig. 4.
The geological periods indicated in the time scale bar are according to
the most recent version (2021) of the International Chronostratigraphic
Chart (https://www.stratigraphy.org). The tree is well resolved and the
topology is fully congruent to that of the phylogenetic analyses based on
the concatenated dataset, presented in Fig. 3. Based on the time esti-
mates, the cladogenetic event leading to Iurinae and Calchinae occurred
36 mya. On the other hand, the radiations within Iurinae and Calchinae
initiated 18 and 27 mya, respectively.
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Fig. 4. Iurid multi-locus species tree chronogram inferred using BEAST v 1.10.4. The scale bar represents millions of years. Numbers on nodes correspond to the
posterior probabilities. Major nodes are named using the letters A to R as in Fig. 3. Specimens were assigned to species/clades according to the validated Iurid species
of the BPP analyses performed. The time axis (median ages) is indicated at the bottom. The median time estimates (mya) and the 95% HPD intervals for each node of
the tree are shown in the inset of the figure. The Messinian Salinity Crisis time period is also shown on the figure.
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3.5. Ancestral range estimation

The DEC + J model was identified as the most appropriate for the
dataset (Table 2). Based on this model, the ancestor of both Calchinae
and Iurinae occupied the geographic areas A, B and C. Based on the DEC
+ J model multiple dispersal and vicariant events, together with within
areas speciation events, have shaped the present-day distribution of the
iurids in this region. The range-inheritance events, are presented in
Fig. 5.

4. Discussion
4.1. Species delimitation and taxonomic implications

The resulting DNA phylogeny revealed a complex topology, hitherto
unsuspected even from detailed morphological studies of Iuridae. There
are 17 (seventeen) monophyletic groups (clades) strongly supported by
the analysis. The relationships between these clades are very well
resolved in most of the cases. However, there is also a small number of
clades that are ambiguously related to each other as indicated by the
support values that are below 0.95 (or 95% bootstrap support). Conse-
quently, based on the results of the species delimitation analyses and the
validation of species suggestions with BPP, the consensus of the valid
Iuridae species present in our data is 11. At this point we must note that
there is a plethora of methods for delimiting species using molecular
datasets. Each of these, has advantages, disadvantages and limitations
(Scornavacca et al., 2020). All delimitation methods rely on a number of
simplifying assumptions, any one of which could be violated in a
particular study system (Carstens et al., 2013). For these reasons we
followed a conservative approach by applying different delimitation
analyses to our data and placing our trust in delimitations that appeared
congruent across them. Consequently, the consensus number of species
in our study, originates after accepting as valid only the species sup-
ported by a minimum of two out of the three (taxonomy approach,
monophyly approach, mPTP approach) different implementations of the
BPP validation method. These 11 species include the ones already
described, except the two nominal species Protoiurus kadleci and
P. stathiae that appear as belonging to a single species.

4.2. Taxonomic changes introduced in this work

Based on our findings, taxonomic changes are deemed necessary for
the Iuridae. All the taxonomic changes introduced in this work, are
summarized in Table S3. We restore the subfamily Calchinae Birula,
1917, stat. n. from synonymy with Iurinae Thorell, 1876. Three new
generic names are established to resolve the paraphyletic genus Proto-
iurus. For further details on the subordinate taxa, see: Kovarik et al.
(2010); Soleglad et al. (2012); Yagmur et al. (2015a, 2015b).

Anatoliurus gen. n. Type species: Iurus kraepelini von Ubisch, 1922.

http://zoobank.org/urn:lsid:zoobank.org:act:BA76225F-12EC-47F5
-813D-604B2267D708

DIAGNOSIS (based on Kovarik et al. (2010); Soleglad et al. (2012);
Yagmur et al. (2015b)). Large sized scorpions, up to 100 mm. Pectinal

Table 2

Molecular Phylogenetics and Evolution 177 (2022) 107622

tooth counts 10-16 in males, 10-14 in females. Chelal movable finger
lobe in adults located on mid-finger or distally, lobe ratio 0.44-0.64;
proximal gap of fixed finger present in adult males; movable finger of
adult males conspicuously curved; chelal palm of adult males short, deep
and highly vaulted; number of inner denticles (ID) of chelal movable
finger, 11-14; hemispermatophore type 1b (A. kraepelini) or type la
(A. kumlutasi).

Etymology: the generic name is given after the Anatolian Peninsula,
or Asia Minor.

Subordinate taxa: Anatoliurus kraepelini (von Ubisch, 1922), comb.
n., A. kumlutasi (Yagmur et al., 2015a, 2015b), comb. n.

Distribution. Turkey (Antalya, Isparta, Konya, Karaman, Mersin, and
Mugla Provinces); Greece (Megisti Island).

Letoiurus gen. n. Type species: Protoiurus rhodiensis Soleglad et al.,
2012.

http://zoobank.org/urn:lsid:zoobank.org:act:1914D39E-CDDB-4B6
B-AFED-CE84EDS880A06

DIAGNOSIS (based on Soleglad et al., 2012). Medium sized scor-
pions, 85 mm. Pectinal tooth count 10-14 in males, 8-12 in females.
Chelal movable finger lobe in adult males located on basal half, lobe
ratio 0.44-0.49; a subtle weak proximal gap on fixed finger present in
adult males; movable finger of adult males essentially straight, not
highly curved; number of inner denticles (ID) of chelal movable finger,
12-14; hemispermatophore type la.

Etymology: the generic name is derived from Greek Antw, Leto, the
Olympian goddess, mother of twins Artemis and Apollo. Leto was wor-
shipped in ancient Lycia (now Mugla), where a famous temple site ex-
ists, the Lycian Letoon.

Subordinate taxa: Letoiurus rhodiensis (Soleglad et al., 2012), comb.
n., (monotypic genus).

Distribution. Greece (Rhodes Island); Turkey (Mugla Province).

Metaiurus gen. n. Type species: Protoiurus stathiae Soleglad et al.,
2012.

http://zoobank.org/urn:lsid:zoobank.org:act:032524C3-53BC-494
1-B612-B7018985FD08

DIAGNOSIS (based on Kovarik et al. (2010); Soleglad et al. (2012);
Yagmur et al. (2015a)). Medium to large sized scorpions, 75-105 mm.
Pectinal tooth counts 9-15 in males, 10-14 in females. Chelal movable
finger lobe in adult males located on mid-finger or distally, lobe ratio
0.55-0.65; a conspicuous proximal gap of fixed finger present in both
adult males and females; movable finger of adult males essentially
straight, not highly curved; number of inner denticles (ID) of chelal
movable finger 11-14; hemispermatophore type 1a.

Etymology: the generic name is derived from Greek petd meta, “after,
beyond”.

Subordinate taxa: Metaiurus kadleci (Kovarik et al., 2010), comb. n.,
M. stathiae (Soleglad et al., 2012), comb. n.

Distribution. Greece (Karpathos Island: M. stathiae); Turkey (Antalya
and Mersin Provinces: M. kadleci).

4.3. Taxonomic composition of Iuridae Thorell, 1876

The current taxonomic composition includes two subfamilies, seven

Statistical results of the different models compared in in ancestral range estimation of the iurid scorpions of Eastern Mediterranean. The models were DEC, DIVALIKE
and BAYAREALIKE. The models were compared to each other and the respective ones involving an additional founder effect (j) parameter. The likelihood of each
model (InL), the number of parameters in each model, a dispersal parameter (d), an extinction parameter (e), the founder effect parameter (j), corrected Akaike
Information Criterion (AICc), and corrected Akaike Information Criterion weight (AICc_wt) are provided. The most probable model is written in italics.

LnL Number of Parameters d e j AlCc AlCc_wt
DEC —35.856 2 0.012 0.020 0.000 77.045 0.000
DEC +J —26.413 3 0.001 0.000 0.141 61.825 0.805
DIVALIKE —34.599 2 0.009 0.008 0.000 74.532 0.001
DIVALIKE + J —28.106 3 0.002 0.000 0.140 65.212 0.148
BAYAREALIKE —37.591 2 0.017 0.046 0.000 80.516 0.000
BAYAREALIKE + J —29.298 3 0.001 0.000 1.000 67.597 0.045
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Fig. 5. Ancestral range estimates of the East Mediterranean Iuridae using DEC + J. The distributional areas A to G are presented in the embedded maps (map a:
Iurinae, map b: Calchinae). The ancestral range estimates were performed with BioGeoBEARS, based on the chronogram generated with BEAST. Single most probable
ancestral range is mapped at each node. Areas at corner positions represent the geographic range immediately after a cladogenetic event. The Anatolian Diagonal

(ADL) is indicated with the dashed line.

genera and 14 species (Table 1).

Subfamily Calchinae includes two widely disjunct genera, of which
monotypic Neocalchas is found in southwestern Anatolia and on the
coastal Greek islands of Megisti and Samos. The second genus Calchas
includes four species: the type species C. nordmanni with a disjunct range
in the northeastern Anatolia (Artvin and Erzurum Provinces) and three
arid species from southeastern Turkey (C. anlasi, C. birulai, and
C. kosswigi). The single known population in northern Iraq is tentatively
assigned to C. anlasi.

Subfamily Iurinae includes five genera: Anatoliurus gen. n., Iurus,
Metaiurus gen. n., Protoiurus, and Letoiurus gen. n. Anatoliurus includes
two species. While A. kumlutasi, comb. n., is known only from a single
cave, A. kraepelini, comb. n., is widespread in the southwest to south-
central Turkey (also found on the Greek island of Megisti). Three spe-
cies of Iurus are heavily disjunct: two endemic Greek species are found in
the Peloponnese and Kythira (I dufoureius) and Crete (I. dekanum); the
third, I kinzelbachi, in western Turkey and the Greek island of Samos.
Metaiurus gen. n., includes two disjunct species: M. stathiae, comb. n.,
from the island of Karpathos, and a localized M. kadleci, comb. n., from
Turkey. The monotypic Protoiurus includes P. asiaticus from the eastern
Turkey, separated from other iurines by the higher elevations of the
Taurus Mountains. Another monotypic genus, Letoiurus, includes
L. rhodiensis, comb. n., from the Greek island of Rhodes and south-
western Turkey (Mugla Province; first record in Turkey).

4.4. Time frame of differentiation and biogeography of subfamilies and
delimited species

An ancient division of Iuridae into subfamilies Iurinae and Calchinae
is strongly supported by our analysis: both form monophyletic groups.
There are no fossils of Iuridae, and we can only speculate on their
common Cenozoic ancestry dated not later than 36 mya, at the end of the
Eocene epoch. At the end of the Eocene, the Anatolian plate has already
been formed (Popov et al., 2004a; Popov et al., 2004c) and served as the
diversification area of the family.

According to the ancestral range estimate analysis, the suggestion of
Parmakelis et al. (2006b) for a westward dispersal of Iurus species, is
validated. However, the sequence of events in both the westward and
the eastward direction of dispersal of the iurids, are complex and entail a
crucial role of the Aegean insular areas in shaping the present-day
distributional patterns of both insular and mainland species.
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According to the supported ancestral ranges hypotheses, and focusing on
the Calchinae, the differentiation of the family initiated in area A
approximately 27 mya. One of the derived lineages maintained the
distributional range of the ancestor and gradually led to Neocalchas
gruberi. The other lineage gradually reached far to the northeast part of
the Turkish mainland in area C. Region C resides within the Pontic
Mountains, a region that has been identified as a major area of ende-
mism in Anatolia for both plant and animal species (Casale and
Taglianti, 1999; Lopez-Pujol et al., 2016; Noroozi et al., 2019; Senkul
and Kaya, 2017). C. nordmanni was the first species to diverge approx-
imately 16 and maintained the ancestral distributional area (C). The
ancestor of C. birulai and C. kosswigi followed a southwards dispersal
route from C to area E (Sanliurfa-Idil region, west of the Amanos
Mountain) and approximately 8 mya extended its distributional range to
include area B (part of the Anatolian Diagonal, ADL). The ancestor
lineage with the BE distributional range differentiated to species
C. birulai and C. koswigi. The latter was constrained in area E, whereas
C. birulai maintained the ancestral range (BE). The ADL is a line of
mountain ranges that run from the south of Giimiishane — Bayburt in the
north, southwest across Turkey to the Taurus Mountains (Ekim and
Guner, 1986). Several previous studies of species distribution and
regional composition have suggested that, together with the Tertiary
history of Turkey, the ADL might be responsible for breaks in distribu-
tions at both specific and generic levels (Mutun, 2010). According to
several studies, the ADL played a critical role for the distribution of
many species (Ciplak et al., 1993; Meijers et al., 2020; Mutun, 2010;
Skourtanioti et al., 2016) since late Miocene. As evidenced here, the role
of ADL in shaping the distributional patterns of animal taxa is verified in
the case of the Calchinae.

Regarding the Iurinae, the ancestral range included areas A and B.
Area A is actually the southern part of Turkey and also includes the
Greek islands of Rhodes and Megisti (Kastelorizo). This area represents
the Mediterranean-Aegean ecoregions of Turkey (Casale and Taglianti,
1999). Area B belongs to the ADL as described above. The first Iurinae
species to diverge 18 mya is Anatoliurus kraepelini that is the most
widespread species of the iurids. This species maintained the ancestral
range (AB) of distribution. Approximately 16 mya a cladogenetic event
occurs within area B, and one of the derived lineages maintains the
ancestral distribution area B and eventually gives rise to Protoiurus asi-
aticus. The second derived lineage is found in area A. From there,
through several consecutive ancestral range-inheritance-events and
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quite limited dispersal and vicariant events, gives rise to three Iurinae
genera (Iurus, Letoiurus, Metaiurus) and six species altogether. Most of
the dispersal events relate to the westward movement of some lineages
into areas of the Aegean Archipelago (Fig. 5). In Miocene, the faunal
exchange between Asia and the Balkans became possible around 11 Ma
(Fassoulas, 2018). At that time, connection of Anatolia, via the South
Aegean Arc, to modern Crete and Peloponnese, could have produced two
most recently derived western species of Iurus: the island endemic
I. dekanum of Crete, and the only iurid that reached the European
mainland, I. dufoureius of Peloponnese and Kythira Island (Node R). The
divergence between I. dekanum and I. dufoureius, dated at about 5.7 Ma
(Lower Miocene) fits very well to the time period of the Messinian
Salinity Crisis (Krijgsman et al., 2018; Krijgsman et al., 1999), after
which Crete and Peloponnese were never connected again. Based on our
findings, it seems that the genus (and the family) either never crossed
the Isthmus of Corinth to the north—or did cross it and eventually went
extinct.

The present-day distributional patterns of the Iurinae and Calchinae
besides historical reasons, are most certainly due to ecological re-
quirements of the species as well. Between the Iurinae and Calchinae, a
contrasting pattern of morphological (likely adaptive) evolution has
been documented: all members of the Iurinae are large-sized animals
(75-100 mm adults), while all the Calchinae are small scorpions (25-35
mm adults). Ecological differences between the subfamilies have also
been recorded during our field surveys: while species of both subfamilies
are found in diverse habitats from the sea level to high altitude (2100 m
asl in Calchas nordmanni, 1300 m in Protoiurus asiaticus), clearly arid
adapted taxa are present only in the Calchinae, with three species
(C. anlasi, C. birulai and C. kosswigi) inhabiting dry semidesert areas of SE
Anatolia. The two remaining species of Calchinae live either in areas of
Mediterranean climate (Neocalchas gruberi) or in valleys of north-eastern
Turkey with a Mediterranean type of microclimate (Calchas nordmanni).
Among the Iurinae, most species are found in areas of Mediterranean
climate but not in arid habitats, and they are notably missing from the
most of SE Anatolia. The Iurinae, their large size notwithstanding, are
commonly found in caves and human related habitats. A formal inves-
tigation of the issue of ecological differentiation between the species of
the subfamilies must be performed to substantiate the claims presented
herein. For this reason, detailed distributional data of the species have
been collected and environmental niche modelling analyses will be
presented in a forthcoming publication.

In the following lines, we are presenting a short evolutionary story
for each species in the phylogeny and try to interpret it on the grounds of
both palaeogeography and ecology.

The last common ancestor (LCA henceforth) of the current taxa
belonging to the Calchinae (Node B, Fig. 4) is dated (median value) 27
mya, i.e., in the Late Oligocene. The most basal taxon among Calchinae
(Node A, Fig. 4) is the monotypic genus Neocalchas with its sole species,
N. gruberi (SW Anatolia; Megisti and Samos Islands). It represents the
most ancient relict clade identified among iurid scorpions. N. gruberi is
found in habitats of the Mediterranean coast, with mild Mediterranean
climate, i.e., dry summers and mild, wet winters. A separate clade on the
Megisti (Kastelorizo) Island is indicated compared to mainland Anato-
lian population (Antalya Province). At this time (27 mya), the Anatolian
plateau was more or less an island with a possible connection through a
land bridge with the Elbutz-Kopetdagh land, which corresponds to
Central Iran today (Popov et al. (2004b), Map 3). The common ancestor
of Calchinae (Node B, Fig. 4) seems to have lived at that time. From 20.5
to 15 mya, Anatolia was separated of Elbutz-Kopetdagh land by sea
(Popov et al., 2004b, Maps 4 and 5), and this is when N. gruberi (Node A)
must have differentiated from Calchas spp. (Nodes C, E, G, Fig. 4).

Node D (Fig. 4) leads to the clade representing the genus Calchas.
Divergence of its species is dated around 15 Ma (Middle Miocene). Since
15 mya, Anatolia and the land of Elbutz-Kopetdagh was forming a united
land mass (Popov et al. (2004b), Maps 5-8). These two areas were
separated again at 8.5-7 mya (Popov et al. (2004b), Maps 8), and this is
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when Node F (Fig. 4) (C. kosswigi and C. birulai) most probably differ-
entiated from Node C (C. nordmanni).

Calchas nordmanni (type species of the genus), is found in NE Ana-
tolia in the humid valleys of the eastern Black Sea region and it is an
ancient, relict species. It is separated by the mountain ranges of Cau-
casus and Taurus from other Anatolian members of the genus. Topology
of three studied populations (Node C, Fig. 4) indicates a separate clade
in the very northeastern (Hatila Valley) limit of the species’ range, close
to the border with Georgia (where Calchas has not been recorded).
C. nordmanni is orophylic and found up to 2100 m asl but not in the
coastal areas of the eastern Black Sea region.

Node F (Fig. 4) represents the common ancestor of two clearly arid
SE Anatolian species, C. kosswigi and C. birulai. Divergence of those is
recent, dated at approximately 7 mya (Upper Miocene). This clade
probably originated during the period that the Anatolian Peninsula
started experiencing aridization. This period is placed within the Late
Miocene-Pleistocene (Huang et al., 2019; Meijers et al., 2018).

The species Calchas kosswigi is found only in Siirt and Sirnak Prov-
inces, SE Turkey. Its sister taxon, Calchas birulai, is the most widespread
Calchas species in the arid, semidesert SE Anatolia. Although these
species occupy arid areas, they are not xerophilic. They are active only
during the humid and cool period, between February and May.

Node I represents the LCA of the current taxa belonging to the
subfamily Iurinae, and is dated around 18 Ma (Early Miocene). The most
important event at this point, or even earlier, is the appearance of
gigantism (see embedded picture in Fig. 3), since all Iurinae exhibit very
large adult size (300-400% larger than in Calchas and Neocalchas). This
event most likely occurred in what is now Southern Anatolia, as the
subfamily never dispersed to the northern part of the peninsula, possibly
due to the barrier of the Kirsehir Massif between the Pontides and
Tauride-Anatolide Continent (Licht et al., 2017). New clades of the
“giant race” successfully radiated leading to several species still resident
there, and eventually dispersed to the west across the Aegean Sea. We
can observe a monophyly of the derived genus Iurus (Node P) while the
genus Protoiurus was revealed as being strongly paraphyletic. To resolve
this paraphyly, three new genera are established: Anatoliurus gen. n.,
Metaiurus gen. n., and Letoiurus gen. n. (see above for formal
taxonomy).

Node H leads to the most basal of all Iurinae species (formerly in
Protoiurus), Anatoliurus kraepelini comb. n. (several populations, with
deep internal structure). Its divergence from other taxa is dated at about
11 Ma (Late Miocene). It is found predominantly in southern Anatolia,
and also on the coastal Greek island of Megisti (Kastelorizo). It is the
most widespread species of Iuridae (Fig. 1). To resolve the paraphyly, we
establish for this clade a new generic name Anatoliurus gen. n. We also
tentatively assign to this genus the closely related rare Anatolian cave
species A. kumlutasi comb. n.

Node K leads to Protoiurus asiaticus, the easternmost species of Iur-
inae. Its divergence is dated at about 16 Ma (Middle Miocene). With a
rather limited range in SE Anatolia, it is the most orophilic and cold-
tolerant species of the subfamily Iurinae, rising up to 1300 m in the
Taurus Mountains. Since this is the type species of the genus Protoiurus,
other Protoiurus spp. are herein placed in three new genera. The genus
Protoiurus s.str. therefore, becomes monotypic.

Node M leads to the species Letoiurus rhodiensis comb. n. (Rhodes
Island; western Anatolia: Mugla: first record) (formerly placed in Pro-
toiurus). Its divergence is dated at about 15 Ma (Middle Miocene).
Letoiurus gen. n. is a monotypic genus, an Anatolian relict. Its refugial
population on Rhodes could have been isolated 2 mya (Pleistocene)
when the island was for the last time connected to the Anatolian
mainland (Beerli et al., 1996; Gantenbein and Largiader, 2002).

Node N leads to the rare species Metaiurus kadleci comb. n. (with a
limited range in southern Anatolia) and an island relict M. stathiae
comb. n. (Karpathos Island), both formerly placed in Protoiurus.
Intriguingly, these two species were grouped into a single species by our
species delimitation analyses. Still, there is 9% sequence difference in
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COX1 gene and an equally high divergence in the other two markers.
Therefore, at this moment we prefer to refrain from synonymization of
these two widely allopatric taxa (which differ quite significantly in
morphology; see Soleglad et al. 2012). To resolve paraphyly, we estab-
lish for this clade a new generic name Metaiurus gen. n. According to the
time-estimate analysis (Fig. 4) the isolation of M. stathiae on Karpathos
occurred during the Lower Miocene (~10 mya). Karpathos was an island
during the Miocene and it remained so until it was joined with Anatolia
through Rhodes in the Early Pliocene (Daams and Van Der Weerd,
1980). In the Late Pliocene, the island of Karpathos was almost totally
submerged, and has remained isolated since then (Boger and Dermit-
zakis, 1987). The lineage of Karpathos probably survived in the island in
areas that were not submerged.

Node P represents the LCA (dated around 8 Ma, Lower Miocene) of
three Iurus species. Therefore, according to the phylogenetic analysis,
the genus Iurus is monophyletic, originates from Anatolia, and its basal
species is a relict species, I. kinzelbachi of western Anatolia and the
coastal Samos Island (Greece). The pattern of a relict Iuridae species
being present in one Aegean Island is evident as well in Neocalchas and
Anatoliurus on Megisti, and in Letoiurus on Rhodes.

5. Conclusion

Iuridae, a relict East Mediterranean family, exhibits a long history of
divergence, speciation, and adaptation. Our molecular datasets and
analyses for the first time clearly confirm an ancient division into two
clades, Calchinae and Iurinae, with their separate evolutionary history.
Ancient patterns of isolation and dispersal are revealed. Both sub-
families are largely confined to the Anatolian peninsula and its few
coastal islands; only the most derived genus Iurus has dispersed west-
ward to Crete and Peloponnese. Based on phylogenetic data, we estab-
lish three new genera of Iurinae (Metaiurus, Anatoliurus, and Letoiurus),
including taxa formerly classified under Protoirus. The genus Neocalchas
emerges as one of the most ancient scorpion clades, with divergence
time about 27 mya.
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