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Background. The native Australian desert scorpion Urodacus yaschenkoi, widely
distributed throughout arid zones of the continent, is a promising model organism in
biomedical research due to the chemical nature of its venom. Unlike their overseas
counterparts, Australian scorpions have received little attention from researchers, and our
study provides the first molecular insights into the phylogenetic patterns and history of U.
yaschenkoi. Methods. We employed Bayesian Inference (Bl) methods for the phylogenetic
reconstructions and divergence dating among lineages, using unigue haplotype sequences
from two mitochondrial loci (COXI, 16S) and one nuclear locus (28S). We also implemented
two DNA taxonomy approaches (GMYC and PTP/dPTP) to evaluate the presence of cryptic
species. Linear Discriminant Analysis was used to test whether the linear combination of
21 variables (ratios of morphological measurements) can predict individual’s membership
to a putative species. Results. Multiple lines of evidence suggest that U. yaschenkoi is a
species complex. High statistical support for the monophyly of several divergent lineages
was found both at the mitochondrial loci and at a nuclear locus. The extent of
mitochondrial divergence between these lineages exceeds estimates of interspecific
divergence reported for other scorpion groups. The GMYC model identified nine entities
and the PTP/bPTP approach identified seven, each representing putative species. Ratios of
several traits that approximate body shape had a strong predictive power (83-100%) in
discriminating two major molecular lineages. A time-calibrated phylogeny dates the early
divergence at the onset of continental-wide aridification in late Miocene, with finer-scale
phylogeographic patterns emerging during the Pleistocene. These patterns of
phylogeograophic structuring are consistent with the evolutionary history of other arid
Australian biota. Discussion. Our results indicate that the taxonomic status of U.
yaschenkoi requires revision. Evidence of a species complex needs to be considered for
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future biomedical research, particularly when venom from multiple individuals is pooled for
toxinological characterization. The complex evolutionary history of this scorpion highlights
the importance of conserving populations from different Australian arid zones in order to
preserve patterns of endemism and evolutionary potential.
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Abstract

Background. The native Australian desert scorpion Urodacus yaschenkoi, widely distributed
throughout arid zones of the continent, is a promising model organism in biomedical research
due to the chemical nature of its venom. Unlike their overseas counterparts, Australian scorpions
have received little attention from researchers, and our study provides the first molecular insights

into the phylogenetic patterns and history of U. yaschenkoi.

Methods. We employed Bayesian Inference (BI) methods for the phylogenetic reconstructions
and divergence dating among lineages, using unique haplotype sequences from two
mitochondrial loci (COXI, 16S) and one nuclear locus (28S). We also implemented two DNA
taxonomy approaches (GMYC and PTP/dPTP) to evaluate the presence of cryptic species.
Linear Discriminant Analysis was used to test whether the linear combination of 21 variables
(ratios of morphological measurements) can predict individual’s membership to a putative

species.

Results. Multiple lines of evidence suggest that U. yaschenkoi is a species complex. High
statistical support for the monophyly of several divergent lineages was found both at the
mitochondrial loci and at a nuclear locus. The extent of mitochondrial divergence between these
lineages exceeds estimates of interspecific divergence reported for other scorpion groups. The
GMYC model identified nine entities and the PTP/bPTP approach identified seven, each
representing putative species. Ratios of several traits that approximate body shape had a strong
predictive power (83—100%) in discriminating two major molecular lineages. A time-calibrated
phylogeny dates the early divergence at the onset of continental-wide aridification in late

Miocene, with finer-scale phylogeographic patterns emerging during the Pleistocene. These
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patterns of phylogeograophic structuring are consistent with the evolutionary history of other

arid Australian biota.

Discussion. Our results indicate that the taxonomic status of U. yaschenkoi requires revision.
Evidence of a species complex needs to be considered for future biomedical research,
particularly when venom from multiple individuals is pooled for toxinological characterization.
The complex evolutionary history of this scorpion highlights the importance of conserving
populations from different Australian arid zones in order to preserve patterns of endemism and

evolutionary potential.

Keywords: Australian scorpion, cryptic species, phylogeography, COXI , 165 and 28S rRNA,

morphology.
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Introduction

Scorpions are among the most ancient arthropods, derived from Silurian ancestors (Dunlop et al.,
2008) and are considered ‘living fossils’ due to a largely unchanged body plan since the
Paleozoic period (Cao et al. 2013; Regier et al. 2010). Extant scorpions inhabit a diversity of
terrestrial habitats across all continents except Antarctica, with the greatest species diversity
found in tropical and subtropical regions of the world (Lourengo, 2001). Their populations can
be sensitive to environmental changes due to a low reproductive rate (long generation time, long
gestation time, small litter size) and high mortality of immature females (Lourenco and Cuellar,
1995; Fet et al., 1998). Several species have gained threatened status due to over-harvesting for
the souvenir and exotic pet trades (CITES, Appendix II,

http://www.cites.org/eng/app/appendices.php).

Scorpions have received widespread public attention due to their venomous nature, with the
lethality (LDs() of some scorpion venoms considered to be comparable to that of snake venoms
(Oukkache et al., 2014; Chippaux and Goyffon, 2008). Despite the high annual incidence of
scorpion-induced fatalities in regions of the Americas, Africa and the Middle East (Cupo 2015;
Dabo et al. 2011; de Roodt 2014; Dehghani & Fathi 2012), the venom of most scorpion species
is considered harmless (Isbister & Bawaskar 2014). To date 30 species, most belonging to the
Buthidae family, are considered medically important (Chippaux and Goyffon, 2008), and the
complex mixture of molecular constituents in venoms is increasingly recognized as an important
source of new therapeutic and insecticidal agents (Possani et al., 2000; Gurevitz et al., 2007;
Rodriguez de la Vega et al., 2010). Despite the medical and ecological relevance of scorpions,

we have only a limited understanding of their phylogenetic and taxonomic relationships.
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Australia has more than 40 described scorpion species organized into four families: Buthidae,
Bothriuridae, Urodacidae and Hormuridae (Koch, 1977; Volschenk et al., 2008; Monod and
Prendini 2015). The Urodacidae is an Australian endemic family found across the continent
except on the south-eastern seaboard. The family was first described by Koch (1977) that under
the current classification includes two genera: Urodacus and the recently described 4Aops
(Volschenk and Prendini, 2008). The genus Urodacus contains 20 species (Prendini, 2000;
Volschenk and Prendini, 2008), several of which have recently been described based on

morphological characters (Volschenk and Prendini, 2008; Volschenk et al., 2012).

Urodacus yaschenkoi (Birula 1903), commonly known as the inland robust scorpion, occupies
Australian desert habitats stretching from north-western Victoria through South Australia and
across to Western Australia (Fig. 1). The species has emerged as a model organism in toxinology
because it produces large volumes of venom compared with other Urodacus species (Luna-
Ramirez et al., 2013; Luna-Ramirez et al., 2014), and is abundant across a broad geographic
area. The biochemical and molecular characterization of venom for biomedical research
generally requires large quantities of starting material, therefore venom is usually extracted from
multiple individuals and pooled prior to analysis. To satisfy requirements for analytical
procedures and potential drug development, it is necessary that pooled samples come from
conspecific individuals. Consequently it is imperative that taxonomic status of U. yaschenkoi is
well supported. This scorpion has had several synonyms throughout its taxonomic history,
starting from the original description as Hemihoplopus yaschenkoi (Birula 1903), followed by
Urodacus granifrons (Kraepelin 1916), U. fossor (Kraepelin 1916), and U. kraepelini (Glauert
1963), and finally by U. yaschenkoi (Koch 1977)

(https://biodiversity.org.au/afd/taxa/Urodacus_yaschenkoi).
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Here we use a combination of molecular and morphological analytical approaches to investigate
the taxonomic status of U. yaschenkoi across its native range. Specifically, phylogenetic
reconstructions were carried out using DNA sequence data from mitochondrial and nuclear loci,
and were complemented with the analysis of several morphological characters related to body
shape. We also examined the phylogeographic patterns in U. yaschenkoi lineages to gain insights
into the evolution history of the group and the influence of historical environmental factors on
shaping its distribution. The novel results also provide critical information for future

toxinological research and conservation of this scorpion.

Materials and Methods

Biological material

Samples of U. yaschenkoi were obtained from field and museum collections (Table 1). Live
specimens were collected from eight locations (approximately 500 m?) in the semi-arid and arid
regions of Central Australia in December 2010 and October 2011 (Table 1 and Fig. 1).
Individuals were collected at night from pitfall traps set in front of their burrows, and those
outside their burrows were detected using ultraviolet (UV) lamps that reveal soluble fluorescent
components (B-carboniles) in the scorpion exoskeleton (Stachel et al., 1999). Captured scorpions
were kept alive and transported to the laboratory for morphological identification according to
Koch (1977). Key diagnostic feature that distinguishes U. yaschenkoi from other Urodacus
species is a very small terminal prolateral tarsus unguis. All specimens were handled according
to good animal practices defined by the Government of Australia, and all institutions and
museums involved approved the animal handling work. Scorpions were anaesthetized by cooling

in a refrigerator (4°C) for 5 min before removing ~1 mm? of leg muscle tissue, which was stored
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in 90% ethanol at 4°C or —20°C for subsequent DNA extraction. Additional samples were
obtained from collections at the South Australian Museum (SAM) and Western Australian

Museum (WAM) containing specimens collected between 2000 and 2010 (Table 1).

DNA extraction, amplification and sequencing

Total DNA was extracted from the stored muscle tissue using the DNeasy Blood and Tissue Kit
(Qiagen, Venlo, Netherlands) following the manufacturer’s instructions. Two mitochondrial loci
(cytochrome oxidase subunit I, COXT; large ribosomal subunit, /6S5) and a single nuclear locus
(28S) were amplified by PCR with a reaction volume of 20 pl containing 0.5 ng of template
DNA, 10 pl of Go Taq Master Mix (Promega, Madison, Wisconsin, USA), 0.5 ul of 10 nM
primers and 7 pl of RNase-free water (Qiagen). The primer sequences and PCR amplicon sizes

are summarized in Table 2.

Primers previously designed for the insect COXI gene (Simon et al., 1994; Tanaka et al., 2001)
were used to amplify a 630-base pair (bp) fragment from the 3' end of the locus. The
amplification conditions comprised an initial denaturing step at 95°C for 5 min followed by 35
cycles of denaturing at 94°C for 30 s, annealing at 52°C for 40 s, and extension at 72°C for 45 s,
and a final extension phase at 72°C for 5 min. For the mitochondrial /6S gene, the scorpion-
specific primer pairs modified by (Gantenbein et al. 2005) were used to amplify a 425-bp region
at the 3' end of the locus. The amplification conditions comprised an initial denaturing step at
94°C for 4 min followed by 30 cycles of denaturing at 94°C for 30 s, annealing at 47.5°C for 30
s, and extension at 72°C for 30 s, and a final extension phase at 72°C for 7 min. The COXI and
168§ gene fragments were also amplified from three specimens keyed out as Urodacus manicatus
and U. novaehollandiae (Table 1). Sequences from these taxa were used as outgroups in

downstream phylogenetic reconstruction. Primer pairs R1S and R1AS, and R2S and R2AS,
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designed by (Arabi et al., 2012), were used to amplify 1158-bp and 1246-bp fragments of the
288 locus, respectively. Each set of primers amplifies a different region of the gene, which
overlaps by 327 bp, and their sequences were concatenated to form a larger product of 2076 bp.
The amplification conditions for both sets of primers comprised an initial denaturing step at
94°C for 4 min, followed by 30 cycles of denaturing at 94°C for 30 s, annealing at 55°C for 30 s,

and extension at 72°C for 30 s, and a final extension phase at 72°C for 7 min.

Museum specimens that were not stored under ideal conditions for preservation failed to yield
COXI amplicons suitable for direct sequencing. To address this issue, additional PCR primers
were designed to amplify smaller fragments for COXI locus (Table 2), resulting in amplicons of
150 bp that were used for subsequent analysis. For the SAM specimens, the amplification of the
288 nuclear gene failed entirely and these samples were excluded from further analysis. All
amplicons were sequenced in both directions using the PCR amplification primers, and carried

out on an Applied Biosystems 3130 genetic analyzer by Macrogen Inc. (Seoul, South Korea).

Sequences were aligned and edited in Geneious Pro v6.1 (Biomatters Ltd) using the MUSCLE
alignment option with default parameters. All chromatograms were checked for the presence of
multiple peaks (which indicate heterozygosity), and authenticity of the COX/ coding gene was
validated by checking for indels and premature stop codons. After this editing process, the
alignment of the mitochondrial gene fragments yielded 616-bp and 396-bp products for the
COX1I and 16S genes respectively, and the final 285 alignment was 2076 bp in length. The final
dataset contained 68 sequences for each of the mitochondrial genes and 27 sequences for the 285
locus (Table 1, [GenBank: KP176717-KP176786]). Shared haplotypes were identified and the

uncorrected pairwise genetic distances (%) were calculated using Geneious Pro v6.1 (Biomatters
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Ltd). This simple distance measure was implemented to achieve reliable estimates of both

intraspecific and interspecific genetic variation.

Phylogenetic analysis and divergence time estimation

Phylogenetic reconstructions and divergence dates among lineages were calculated using unique
haplotypes and Bayesian Inference (BI) methods implemented in BEAST v2.1.3 (Bouckaert et
al., 2014). We used jModeltest v0.1.1 (Posada, 2008) to select the best-fit model of evolution,
based on Akaike Information Criteria (AIC) (Akaike and Company, 1981) for each of the
mitochondrial and nuclear genes (GTR + G in each case). Mitochondrial loci were combined for
analysis due to their similar modes of evolution (GTR+R), as indicated by the incongruence-
length difference (ILD) tests (Farris et al. 1995) implemented in PAUP_4.0b10 (Swofford 2002).
In contrast, the nuclear gene (28S) was analyzed independently and was not combined with the
mitochondrial dataset for phylogenetic genetic analysis due to inconsistencies in taxon sampling

(Table 1).

Operators were auto-optimized, and five independent Markov Chain Monte Carlo (MCMC) runs
were performed using a Yule (speciation) tree-prior, each running for 5 x 10° generations,
sampling every 10,000 states. Log files were examined with Tracer v1.5 (Drummond and
Rambaut, 2007) to ensure that runs were sampling from the same posterior distribution, to
determine appropriate burn-in, and to ensure that effective sample sizes (ESSs) of parameters of
interest were greater than 1000. Tree files of independent runs were then combined using
LogCombiner v2.1.3 (Drummond et al., 2012), discarding the first 20% and re-sampling at a
lower frequency of 15,000. The maximum clade credibility (MCC) tree was recovered from a
sample of 10,000 posterior trees, and branch support was annotated using TreeAnnotator v2.1.3

(Drummond et al., 2012). Each analysis started with a random starting tree and seed with no root
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specified. Sequence data from species of the same genus (U. manicatus and U. novaehollandiae)

were used to estimate the root of the mitochondrial gene tree.

The mitochondrial gene tree was time calibrated with divergence times of nodes inferred from
95% highest posterior density (HPD) intervals. Scorpion-specific mutation rates of 0.007
substitutions/site/million years for COXI (Gantenbein and Largiader, 2003) and 0.005
substitutions/site/million years for 16S (Gantenbein et al., 2005) were used to calibrate the tree.
These estimates are derived from Buthid scorpions and have been used to estimate divergence
times among various scorpion lineages including non-Buthid taxa (Graham et al., 2012; Bryson
et al., 2013a,b). Substitution rates were set in BEAUti v1.7.3 (Drummond et al., 2012) using
relaxed clock log normal priors. Tracer was then used to obtain parameter estimates for time to

most recent common ancestor (tMRCAs) for nodes within the gene tree.

Additional phylogenetic constructions were also performed using a truncated COXT alignment to
test the influence of missing data on the final tree topology. Because numerous museum
collections yielded short COXI gene products, we trimmed the alignment to 150-bp to exclude
regions of the alignment with high levels of missing data. This exercise demonstrated that the
inclusion/exclusion of missing data had little influence on the phylogenetic reconstructions.
Consequently, all results presented from this point reflect those from the non-truncated COX1

alignment.

Species delineation based on molecular data
We implemented two DNA taxonomy approaches to evaluate the presence of cryptic species.

First, the general mixed Yule coalescent (GMYC) approach (Pons et al., 2006; Fujisawa and
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Barraclough, 2013) was applied to an ultrametric tree (produced using BEAST) in R v2.15.3 (R
Development Core Team 2008) with the Splits package (http://splits.r-forge.r-project.org). The
GMYC model is a process-based approach that detects the threshold in a gene tree at which
within-species processes (i.e. coalescence) shift to between-species processes (i.e. speciation and
extinction). Second, we combined the Poisson Tree Processes model for species delimitation
(PTP) and a Bayesian implementation of PTP (bPTP) to infer putative species boundaries on a
given phylogenetic input tree (Zhang et al., 2013). The PTP/bPTP model, unlike the GMYC
model, requires a bifurcated phylogenetic tree rather than an ultrametric tree. PTP/dPTP models
speciation or branching events in terms of the number of substitutions. The following parameters
were used: MCMC, 500,000 generations; thinning, 100; burn-in, 0.1; seed, 123, and assessed

convergence in each case to ensure the reliability of the results.

Analysis of demographic history

The demographic history of U. yaschenkoi was estimated from the mitochondrial dataset using a
Bayesian Markov-Chain Monte Carlo (MCMC) coalescent approach implemented in BEAST
v2.1.3 (Bouckaert et al., 2014). The Bayesian skyline plot uses MCMC sampling procedures to
estimate a posterior distribution of effective population size through time from a sample of gene
sequences, given a previously specified nucleotide substitution model (Drummond et al. 2005).
The time dimension of the analyses was calibrated using substitution rates for the respective gene
partitions described above. The prior on rate was set to follow a normal distribution allowing for
uncertainty around the estimate. Analyses were run using a best-fit model of evolution (GTR+R)
and 100 million MCMC generations sampled every 10000 generations and launched from a

random starting tree. The analysis was repeated in triplicate and log files were examined using
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Tracer ver. 1.5 (Drummond and Rambaut, 2007b) to determine the appropriate burn-in (10% of
chain length), to ensure that runs were returning samples from the same distribution, and to
ensure that the effective sample sizes for all demographic statistics were greater than 1000. Post-
burn-in log and tree files from each independent run were combined using LogCombiner ver.
1.7.3 and the trees in the posterior sample were summarized by Bayesian skyline reconstruction

using a stepwise skyline variant.

Analyses of morphological traits

Traits related to body size and shape were assessed in 39 female adult specimens that were keyed
out as U. yaschenkoi (according to Koch, 1977) collected at 26 locations (Table 1, Fig. 1).
Gender was determined by examining the genital opercula of adult scorpions, with males having
a small finger-like projection known as the genital papilla. Because our collection contained only

three males, the analyses were done only with females.

The following traits were measured under a microscope using an ocular ruler with 1-mm
precision: carapace length (CL), metasoma segment V length (MVL), telson length (SL),
pedipalp length (PL), chela length (ChL), pecten length (PecL) and pecten width (PecW). Ratios
of traits (e.g. CL/MVL, SL/PL etc.) gave in total 21 variables scored in each individual
(Supplemental file 4). These variables were treated as predictors in the Linear Discriminant
Analysis (LDA) implemented in the R package “MASS” (Venables & Ripley 2002). LDA was
used to test whether the linear combination of 21 variables (ratios of morphological
measurements) can predict individual’s membership to a mitochondrial lineage (putative
species). Strong predictive power of morphological variation on the observed molecular

divergence would provide additional support for a species complex in U. yaschenkoi.
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Results

We identified 31 unique mitochondrial haplotypes with uncorrected distances between
haplotypes ranging from 0.3—7.6% (mean + standard deviation = 3.0% + 0.4%) and distances
from the outgroup taxa of 8.4-10.2% (mean + standard deviation = 9.4% + 1.4%) (Supplemental
File 1). A total of 13 nuclear 285 haplotypes were identified with uncorrected p-distances of 0.1—
0.5% (mean + standard deviation = 0.2% =+ 0.1%) (Supplemental File 2). A list of haplotypes for

sample locations is provided in Supplemental File 3.

Phylogenetic analysis

Mitochondrial markers

Bayesian inference analysis of the mitochondrial dataset identified several genetically divergent
lineages (three major lineages represented as black, red and green clades in Fig. 2), with strong
statistical support for their respective monophylies (posterior probability >0.95). Figure+shows
that-the fineages within the black clade are broadly distributed across Victoria, South Australia
and Western Australia, whereas the red and green clades are restricted to Western Australia,
From this point forward we will refer to the black, red and green clades as the south-central,

western and central-western lineages, respectively.

The south-central lineage showed significant geographic structure. The most divergent and-basat
sub-lineage (haplotypes 16—17) was found in Western Australia, eeeurring in sympatry with the

central-western lineage (Fig. 1). A second well supported sub-lineage (haplotypes 1-14 and 18-

19) was found west of the Central Ranges, through to the Eyre Peninsula in South Australia,

while another (haplotypes 20-22, 25 and 28) had a distribution extending from the Central to Mt

Peer] reviewing PDF | (2016:07:12305:0:1:NEW 27 Jul 2016)


Cross-Out

Cross-Out

Cross-Out

Inserted Text
L

Inserted Text
 (Figure 1)

Cross-Out

Inserted Text
sister to all other south-central sub-lineages and occurred 

Cross-Out

Cross-Out

Highlight
Perhaps code sub-lineages so you don't have to list haplotype numbers? e.g., SC1 (south-central sublineage 1).. You could then show this on the tree figure.. This feeds into my major comment around the number of groups being discussed...

Cross-Out

Inserted Text
y


Peer]

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

298

299

Lofty Ranges in South Australia, and across to north-western Victoria. The remaining
monophyletic sub-lineage within the south-central grouping (haplotypes 23—-24 and 26-27) had a

narrow north-south distribution in the central inland and coastal regions of South Australia (Fig.

1.

Mean uncorrected pairwise genetic distances between the three major clades (south-central,
western and central-western) ranged from 6.4 to 6.9% (overall mean + standard deviation = 6.6%
+ 0.9%). The mean intra-clade distances ranged from 2.2% + 0.4% and 0.8% =+ 0.2%,
respectively (not calculated for the western clade due to only a single recorded haplotype). Mean
uncorrected distances between the three major clades and the outgroups ranged from 9.3 to

10.3% (mean =+ standard deviation = 9.4% + 1.4%).

Nuclear marker

Despite Jow level of variation in the 28S dataset, Bayesian analysis produced a nuclear gene
topology that was largely concordant with the mitochondrial gene tree. Three genetically
divergent clades were identified, corresponding to those from the mitochondrial dataset
(represented by the black, red and green branch colours in Fig. 3). In each case, strong statistical

support for the monophyly of each clade was found (posterior probability >0.95). Bae-totow

aset; the interrelationships among
lineages within each clade in the nuclear gene tree swere unresolved, preventing any reliable

inferences of phylogeographic patterns.
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Divergence dating

Our time calibrated mitochondrial phylogeny suggested that the split between the major U.
vaschenkoi clades (south-central, western and central-western lineages) occurred during the late
Miocene/early Pliocene (4—7 MYA) (Fig. 2). Lineage diversifications within the south-central
lineages appear to have occurred during the Pliocene and early Pleistocene (1.8—4 MYA), while
finer-scale phylogeographic patterning within the sub-lineages arose during the late Pleistocene
(<1 MYA). Divergence time estimates should be interpreted with some caution, as the nucleotide
substitution rate was derived from a different scorpion family (Buthidae) and there are large

errors margins around 95% HPD estimates.

Molecular-based species delineation

Among the 31 unique mitochondrial haplotypes described above, the GMYC model identified
nine entities and the PTP/bPTP approach identified seven, each representing putative species
(Table 3). The assignment of haplotypes to putative species groups is shown in Fig. 2, where
conspecifics share a common symbol (star, hollow circle, solid circle, triangle, diamond, cross,
or square). Species assignments were highly consistent when comparing each of the methods, but
we presented the PTP/bPTP results as they are more accurate when the evolutionary distances
between lineages are small (Zhang et al., 2013). In summary the south-central, western and
central-western clades were recognised as putative species groups, as were the sub-lineages

within the south-central ancestral grouping (Fig. 1 and 2).

Analysis of demographic history
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Bayesian skyline analyses were performed for the south-central ancestral lineage only, as the
western and central-western lineages are represented by a limited number of haplotypes. We also
performed analyses on two independent datasets consisting of individuals assigned to the two
sub-lineages denoted by stars and circles within the south-central ancestral lineage in Fig. 2. This
allowed us to determine if potential interspecific influences are biasing estimates of demographic
history in the combined south-central lineage dataset. All analyses indicate that U. yaschenkoi
south-central lineage has remained relatively stable over the last 1 to 2 million years (Fig. 4A-
C). Although the plot of mean Ne indicates gradual growth through time to the present day for
the sub-lineage in Fig. 4B, the 95 % highest posterior density intervals are large making it
difficult to infer any notable growth. Each figure indicates a decline in Ne in the last 100,000
years, yet this pattern should be regarded with caution, as it may simply be an artefact of
uncharacterised population structure (a common artefact where mixed gene pools are co-

analysed; (Heller et al. 2013).

Discriminant power of morphological variation

None of the U. yaschenkoi specimens that were characterized at 21 morphological ratio variables
were assigned to the western mitochondrial clade, hence the LDA was done on 39 females
assigned to the south-central and the central-western clades. Individuals were categorized into
four groups (putative species) based on the results of the PTP/bPTP molecular species
delineation analysis: 18 females from the group designated with a star, 12 from the circle group,
three from the triangle group, and six from the solid square group (Fig. 2). Because our dataset
contained four groups, we could find a maximum of three discriminant functions that separate

these groups.
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The first discriminant function (LD1) achieved 93.7% of the separation, reflecting the
morphological distinction of the central-western (green) clade from the south-central (black)
clade (Fig. 5). Further separation of the three putative groups within the south-central clade was
weak (LD2-3, Fig. 5). We then grouped samples into two putative species (central-western and
south-central clade) and tested the accuracy of prediction using 100 jackknife resampling steps.
The grouping into two molecular clades based on morphological variation was 100% accurate
(33/33) for the south-central clade and 83.3% accurate (5/6) for the central-western clade.
Therefore, our results indicate strong predictive power of morphological variation on the
observed molecular divergence, and suggest the existence of at least two distinct taxa within U.

yaschenkoi.

Discussion

Taxonomy of Urodacus yaschenkoi

Multiple lines of evidence indicate that U. yaschenkoi is a species complex. High statistical
support for the monophyly of three highly divergent lineages at both mitochondrial and nuclear
loci was observed. The extent of genetic divergence between the three lineages (6.4—6.9%)
exceeds estimates of interspecific divergence previously reported for other scorpion and
arthropod groups (Wysocka et al., 2011; Tourinho et al., 2012; Bryson et al., 2014). Collectively,
these observations satisfy the requirements for species delineation based on the principles of the
phylogenetic species concept (Wheeler, 1999; De Queiroz, 2007). Because genetic ‘yardstick’
approaches provide crude taxonomic measures and nucleotide substitution rates often vary
considerably between taxonomic groups, some caution is needed when considering findings of

these analyses alone. Alternative DNA-based species delineation approaches (GMYC and bPTP)
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also provided significant statistical support for the recognition of the south-central, western and
central-western U. yaschenkoi clades as distinct species, and potential further cryptic speciation
within the south-central clade (Fig. 2). The GMYC method has been criticized for over-splitting
species with a pronounced genetic structure (Satler et al., 2013), yet several recent studies have
shown that it is highly robust (Fujisawa and Barraclough, 2013; Talavera, Dinca et al. 2013).
Consistent results between the GMYC and bPTP methods strengthen the molecular evidence in

favor of U. yaschenkoi being a species complex.

We also demonstrated a strong association between the molecular divergence and morphological
variation. Namely, ratios of several traits that approximate body shape had a strong predictive
power (83-100%) in discriminating two major molecular lineages in U. yaschenkoi. the central-
western clade and the south-central clade. Until now U. yaschenkoi has been described as a
species with a wide geographic distribution and is distinguished from other congeneric species
by its much smaller terminal prolateral tarsal ungues and by the production of large amounts of
venom (Koch, 1977). Based on our results from a limited sample size, morphological variation in
this scorpion warrants further investigation. Attention to pigmentation, granulation and
burrowing behavior might provide additional diagnostic characters that could be used to describe

the U. yaschenkoi species complex.

Phylogeographic history of Urodacus yaschenkoi

Our time-calibrated phylogeny indicates that the south-central, western and central-western U.
yaschenkoi lineages (Fig. 2 and 3) diverged from a common ancestor during the Miocene/early
Pliocene (approximately 5-9 MY A). This geological time was marked by a shift to a much drier
climate, the significant contraction of rainforests and the expansion of arid habitats (Martin,

2006). Time calibrated phylogenies for diverse taxa from Australian arid habitats also indicate
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389 that their deep divergences occurred during the mid-Miocene and the onset of aridification

390 (Byrne et al., 2008). Further diversification within the major ancestral U. yaschenkoi lineages
391 appears to have occurred throughout the Pliocene (3-5 MY A), which was a consistently dry
392 period. This is followed by further lineage divergence during the mid and late Pleistocene when
393 the climate was highly dynamic (< 1 MYA), with wetter and drier episodes corresponding to

394 interglacial and glacial cycles (Martin, 2006).

395 Koch (1977) suggested that the mechanisms underlying the distribution of extant Australian

396 scorpions include a combination of allopatric diversification in refugia, range expansion and

397 overlapping. The refugia concept has also been widely used to describe biogeographic patterning
398 in arange of biota from Southern Australia, specifically relating to mid-Pleistocene climatic

399 oscillations and increased aridity (Byrne, 2008). In Urodacus, the fragmentation of temperate
400 forests in southern Australia during arid conditions of the late Cenozoic is likely to have driven
401 the isolation and divergence between U. novaehollandiae (south-western species) and U.

402  manicatus (south-eastern species) (Koch, 1977). In U. yaschenkoi, the contemporary distribution
403 of lineages/putative species suggests some influence of the refugia described in Koch (1977),
404  such as the expansion of the western lineages from the Hamersley refuge area, or the complex
405 history of secondary contact between the south-central lineages expanding from Central Ranges,
406 Eyre Peninsula / Mt Lofty, and Murray Darling River refugia (Fig. 1). However, a more

407 comprehensive sampling is needed to further test these hypotheses.

408  Implications of findings
409  Urodacus yaschenkoi is a promising model organism in biomedical research, whose venom is
410 increasingly used in toxinological studies (Luna-Ramirez et al. 2014; Luna-Ramirez et al. 2013).

411 Because large quantities of venom are needed for biochemical and molecular characterization,
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venom from multiple individuals is commonly pooled for such analyses. If specimens from
divergent taxa are used for venom pooling, this would likely result in a spurious identification of
bioactive compounds that do not naturally occur in a single taxon. Our study provides the much

needed resource for selecting compatible genotypes for future toxinological research.

Our findings also have implications for the conservation of. U. yaschenkoi. While currently
considered as a species of least concern, our study reveals the complex evolutionary history of
this scorpion and highlights the importance of conserving populations from different Australian

arid zones in order to preserve patterns of endemism and evolutionary potential.

Conclusions

Our study provides the first insight into the molecular phylogeny of the endemic Australian
scorpion Urodacus yaschenkoi. We found strong evidence for deep divergence and complex
phylogeographic patterns within this taxon. Concordance between the mitochondrial and nuclear
data, along with the morphological variation, all suggest that U. yaschenkoi is a species complex.
These findings have implications for the future of biomedical research, such as venom
characterization for drug and insecticide development. Careful consideration of U. yaschenkoi
operational taxonomic units will be necessary to achieve sustainable toxinology and conservation

of Australian desert biodiversity.
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608

Figure 1. Map depicting the sampling locations across the natural distribution of Urodacus
yaschenkoi . Samples are coded based on the major mitochondrial lineage (red, green, black) and
putative species (star, triangle, circle etc.), The extant distribution (yellow shading) and major

Australian refugia (dashed line) are adopted from (Koch 1977).
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609 Figure 2. Bayesian Inference phylogeny based on the concatenated sequences from two
610 mitochondrial genes (COXI and 16S). Nodes supported by Bayesian posterior probabilities
611 greater than or equal to 0.95 are indicated by black circles with white fill. Blue shaded bars

612 indicate the 95% highest posterior density (HPD) for node ages (scale bars represents time in
613 millions of years from the present day). The assignment of haplotypes to putative species groups
614 identified by PTP/bPTP is depicted with symbols (star, hollow circle, solid circle, triangle,

615 diamond, cross, square).
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623

Figure 3. Bayesian Inference phylogeny based on nuclear 28SA data. Nodes supported by
Bayesian posterior probabilities greater than or equal to 0.95 are indicated by black circles with
white fill. Three major ancestral lineages are coded as green, red and black (corresponding to

those identified in the mitochondrial phylogeny).
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624

625 Figure 4. Demographic history of U. yaschenkoi determined by Bayesian skyline analysis of
626 mitochondrial data. Reported are the plots of Ne (effective population size multiplied per

627 generation time) against time in years from present. Mean Ne is shown as a solid black line and
628 shaded blue areas enclose the 95 % highest posterior density interval. Figure ‘A’ represents the
629 analysis of all haplotypes assigned to the south-central ancestral lineage, while figures ‘B’ and
630 ‘C’ represent the analyses of haplotypes assigned to the ‘star’ and ‘circle’ sub-lineages within the

631 south-central ancestral lineage.
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635 Figure 5. Linear Discriminant Analysis with ratios of morphological traits in U. yaschenkoi.
636  Separation of 39 adult females assigned to the four putative species (designated with the star,
637 circle, triangle and square symbols) based on a linear combination of 21 variables. 93.7%

638 separation between individuals belonging to the western-central (green) clade and all other

639 individuals from the south-central (black) clade was achieved by the first discriminant function

640 (LDI).
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643 Table 1. Urodacus yaschenkoi specimen location and analyses made. List of Urodacus

644  yaschenkoi collected from the field as live specimens (Field) or obtained from the Australian
645 museum collections (South Australian Museum - SA, Western Australian Museum - WA).

646  Geographic position (lat/log) and the geographic region details are reported for each sample. List
647 of molecular loci (COXI, 168, 285S) scored in each individual. Seven morphological characters

648 were scored in 39 specimens ().

Sample Source Latitude Longitude Geographic = Markers Morpho Museum
Region ID/Reg.No.

BKAT1l Field  -33.2283 141.3011 NSW COXI, 168, 28S NA
BKA12 Field  -33.2283 141.3011 NSW COXI, 168, 28S NA
BKB10 Field  -33.2199 141.3089 NSW COXI, 168, 28S NA
BKBI12 Field  -33.2242 141.3061 NSW COXI, 168, 28S NA
BKB13 Field  -33.2283 141.3011 NSW COXI, 168, 28S NA
MARRI1 Field  -26.3400 133.2000 SA COXI, 168, 28S NA
MARR2  Field -26.3400 133.2000 SA COXI, 168, 28S NA
PIM1 Field  -31.2509 136.5089 SA COXI, 168, 28S NA
PIM2 Field  -31.2509 136.5089 SA COXI, 168, 28S NA
PIMS5 Field  -31.2509 136.5089 SA COXI, 168, 28S NA
PIM6 Field  -31.2509 136.5089 SA COXI, 168, 28S NA
PIM7 Field  -31.2509 136.5089 SA COXI, 168, 28S NA
PIM8 Field  -31.2509 136.5089 SA COXI, 168, 28S NA
POP1 Field  -33.0710 141.6372 NSW COXI, 168, 28S NA
POP4 Field  -33.0710 141.6372 NSW COXI, 168, 28S NA
POP5 Field  -33.0710 141.6372 NSW COXI, 168, 28S NA
SAM1397 SAM  -30.7667 138.1767 SA COXI, 16S R NS1397
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SAM1399
SAM1400
SAM1403
SAM1406
SAM1412
SAM1415
SAM1416
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SAM1812
SAM1823
SAM1824
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SAM1831
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SAM2056
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Un2112 SAM  -31.6597 129.1083 SA COXI, 16S NS0002112

649 NSW: New South Wales; SA: South Australia; WA: Western Australia; NT: Northern Territory
650 NA: Not applicable.
651

652
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653 Table 2. List of primer sequences and corresponding amplicons sizes for the three
654  Urodacus yaschenkoi loci (COXI, 16S rRNA, 285 rRNA).
Marker  Primer Primer sequence Size (bp)  Reference
COXI F C1-J-2183 5>-CAACATTTATTTTGATTTTTTGG - 3' 550-630 (Simon et al., 1994)
R COXIKG-R2  5’- GATATTAATCCTAAAAAATGTTGAGG-3' (Tanaka et al., 2001)
COXI  Nested F 5’-AGGAACCTTTTGGGGCTTT-3' 150
COXI Nested R 5’-AGGAACCTTTTGGGGCTTT-3'
16S F 16SF 5’- AACAAAACCCACAGCTCACA- 3' 422 (Gantenbein et al.,
2005)
R 16SR 5’- GTGCAAAGGTAGCATAATCA- 3'
28S R1 F RIS (5’-ACCCGCTGAATTTAAGCAT-3’), 1158 (Arabi et al., 2012)
R RIAS (5’- GCTATCCTGAGGGAAACTTC-3%)
R2 F R2S (5’-CGACCCGTCTTGAAACACGGA-3’), 1246
R R2AS (5’-CACCTTGGAGACCTGCTGCGGAT-3’)
655
656
657
658
659
660
661
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662 Table 3. Species delineation analyses in Urodacus yaschenkoi based on 31 unique
663 mitochondrial haplotypes.

Analysis type # Entities  Statistics

GMYC 9 Likelihood null model: 32.7519; likelihood best model:
33.36569; likelihood ratio: 1.2255; P-value, 0.0001,
confidence interval: 1-10

PTP/bPTP (ML and BL) 7 Acceptance rate: 0.50975; merge: 49942; split: 50058

664
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Supplemental Information
The data sets supporting the results of this article are included within the article and its additional

files in Supplemental Files 1-4.xlsx

Supplemental File 1. Pairwise uncorrected p-distance between 31 unique U. yaschenkoi
haplotypes and three outgroup haplotypes (U. novaehollandiae and two U. manicatus).

Haplotypes were generated from the concatenated partial sequences of COXI and 16S loci.

Supplemental File 2. Pairwise uncorrected p-distance between 13 unique U. yaschenkoi

haplotypes generated from the partial 28S sequence.

Supplemental File 3. List of haplotype numbers assigned to the U. yaschenkoi samples.

Supplemental File 4. Measures (in mm) of seven morphological traits in 39 U. yaschenkoi adult

females.

Peer] reviewing PDF | (2016:07:12305:0:1:NEW 27 Jul 2016)





