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Summary

A molecular (16S mtDNA sequence) data set recovers a clear divergent phylogeny within the scorpion
species Centruroides exilicauda (Wood, 1863) (Scorpiones: Buthidae) from Mexico and the USA.
Three deep, monophyletic clades are revealed: two distinct peninsular clades —southern Baja (SB)
and northern Baja (NB)—and a mainland clade, Sonora/Arizona (SO/AZ). Phylogenetic, taxonomic,

and biogeographic implications are discussed.

Introduction

Centruroides Marx, 1890, with 41 species and
24 subspecies (Fet & Lowe, 2000) is one of the
most diverse genera of Buthidae (second only to
Tityus C. L. Koch, 1836), and the only genus of
this family found in North America. Centruroides
is especially diverse in Mexico (Lourengo &
Sissom, 2000) and the Caribbean (Armas, 1988),
but is also found in Central and South America
(Sissom & Lourenco, 1987). Moreover,
scorpions of the genus Centruroides were intro-
duced by man to the Canary Islands (Goyffon,
1992; Juan et al., 2000). Taxonomy of many
Centruroides species is confusing, and was tradi-
tionally based mainly on morphosculpture and
coloration. No modern phylogenetic analysis
exists for this genus, and the only existing key
(Stahnke & Calos, 1977) is out of date.

Scorpions of the genus Centruroides (espe-
cially many central Mexican species) are among
the most toxic in the world to humans and other
mammals (Mazzotti & Bravo-Becherelle, 1963;
Simard & Watt, 1990). They are abundant in var-
ious natural habitats ranging from tropical forest
to temperate deserts. The only medically impor-
tant scorpion species in the United States (where
it is mainly found in Arizona) is Centruroides

exilicauda (Wood, 1863) (= C. sculpturatus
Ewing, 1928) (Stahnke, 1971; Curry et al., 1984).

This paper reports new phylogenetic data on
C. exilicauda, based on the analysis of mito-
chondrial DNA (16S mtDNA) sequences. These
molecular markers have recently become a pow-
erful tool for evaluating the taxonomic status of
populations and subspecies/species. The first
information on applicability of mtDNA analysis
to the species-level taxonomy of Centruroides
was reported by Fet & Poindexter (1992).
Recently, our comparison of 16S rRNA mito-
chondrial gene sequences allowed clarification of
phylogeny at the species level in the genus
Euscorpius Thorell, 1876 (Euscorpiidae) (Fet
et al., 1999; Gantenbein et al., 1999, 2000). In
order to further clarify the taxonomic composi-
tion of C. exilicauda and to confirm its species
status assumed by Williams (1980), we initiated a
pilot molecular survey applying previously
established, scorpion-specific mitochondrial
(16S mtDNA) gene markers. Because the partic-
ular fragment of the 16S gene was applied to clar-
ify the phylogeny in other scorpion genera as well
it is important to test if the number of base pairs
that are sequenced from this fragment is high
enough for a good phylogenetic signal. Whether
the data set is large enough for this particular
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Fig. 1: Sampling sites of Centruroides exilicauda from
Mexico and the USA. Baja California, Mexico:
SQ San Quintin; BA Bahia de Los Angeles; SI San
Ignacio; JU Juncalito; CA Cabo San Lucas;
MI Miraflores, Sonora, Mexico: GU Guaymas
Islands (Pajaro); PP Puerto Penasco, Arizona, USA:
YU Yuma; TE Tempe; BC Black Canyon City, near
Tuscon; TU Tuscon. SB = Southern Baja clade,
NB = Northern Baja clade, and SO/AZ = Sonora
desert/Arizona clade, as revealed from phylogenetic
analysis.

phylogenetic study is addressed by parametric
bootstrapping (Huelsenbeck & Hillis, 1996).

Material and methods
Specimens analysed

Twelve specimens of Centruroides exilicauda
were analysed from 12 localities from Mexico and
USA (Fig. 1): Baja California, Mexico: San Quintin
(CexSQ); Bahia de Los Angeles (CexBA); San
Ignacio (CexSI); Juncalito (CexJU); Cabo San
Lucas (CexCA); Miraflores (CexMI). Sonora,
Mexico: Guaymas Islands (Pajaro) (CexGU);
Puerto Penasco (CexPP). Arizona, USA: Yuma
(CexYU); Tempe (CexTE); Black Canyon City,
near Tuscon (CexBC); Tuscon (CexTU).

Two congeneric outgroup species were used:
C. vittatus (Say, 1821) from Arkansas, USA
(CviAR), and C. bani Armas & Marcano Fondeur,
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1987 from the Dominican Republic (CbaDO).
Animals were kept alive or in 96% ethanol for
DNA analysis.

DNA extraction and sequencing techniques

Comparative analysis of the mitochondrial
(mt) 168 ribosomal RNA is widely used in mod-
ern molecular evolutionary studies of various
arthropods (Simon et al., 1994). The 16S rRNA
gene has been recently used for resolving
species-level phylogeny of the scorpion genus
Euscorpius (Gantenbein et al., 1999); this paper
should be consulted for the detailed techniques
and protocols. Total DNA was extracted from
fresh or preserved (in 95% ethanol) muscle tissue
using a standard extraction method. An approxi-
mately 400 bp fragment of the 16S rRNA gene
was amplified by the polymerase chain reaction
(PCR) using the universal forward primer LR-J-
12887 (Simon et al., 1994) and a scorpion-spe-
cific reverse primer (Gantenbein et al., 1999). A
total of 12 mtDNA sequences were used for the
analysis and aligned by eye. For further analysis,
all ambiguities and indels were excluded as sug-
gested by Swofford et al. (1996), with final 354
characters remaining.

Phylogenetic analyses

We applied character-matrix-based methods:
maximum parsimony (MP) and maximum likeli-
hood (ML) (Felsenstein, 1981) as well as dis-
tance-based methods (neighbour-joining (NJ)
cluster algorithm) (Saitou & Nei, 1987). The beta
version of the computer program PAUP* 4 Ob4a
(Swofford, 1998) was used for all phylogenetic
DNA analyses. We calculated hierarchical likeli-
hood ratio tests in order to find the most appropri-
ate model of DNA substitution using the program
MODELTEST 3.0 beta (Posada & Crandall,
1998). This program calculates the likelihood
ratio statistic & = 2log (L; - L,), where L, is the
likelihood under the alternative hypothesis (more
complex, parameter rich, model) and L, is the
likelihood under the null hypothesis (simple
model). When the models compared are nested
(the null hypothesis is a special case of the alter-
native hypothesis) and the null hypothesis is cor-
rect, the d statistic is asymptotically distributed as
%2 with q degrees of freedom, where q is the dif-
ference in number of free parameters between the
two models. In the next step, a test for the molecular



Gantenbein et al.: DNA phylogeny of Centruroides exilicauda

clock hypothesis (i.e. rate constancy among lin-
eages) was calculated (x2 distributed, df=N-2
OTUs). Details on model testing using maximum
likelihood ratios are given in Huelsenbeck &
Rannala (1997) and in Huelsenbeck & Crandall
(1997). The hierarchical likelihood ratio tests
suggested the model of Hasegawa er al. (1985)
with rate heterogeneity (HKY85+TI') which is a
submodel of the general-time-reversible (GTR)
substitution model (Rodriguez et al., 1990; Yang
et al., 1994). All parameters (base frequencies,
rate matrix) were estimated via maximum likeli-
hood. The rate heterogeneity among sites was
assumed to follow a gamma distribution (shape
parameter o was ML-estimated) with four cate-
gories each represented by its mean (Yang 1994).
Phylogenetic analysis is facilitated when rates are
equal among lineages. The test for the molecular
clock was not rejected at the 0.05 level
(P =0.0502). However, because the P value was
critically low, we rejected the molecular clock
hypothesis and performed tree searching without
enforcing a clock.

For ML analyses the tree space was explored
using the heuristic search option (100 replicates)
with random addition of sequences using the tree
bisection-reconnection (TBR) branch-swapping
algorithm implemented in PAUP*. For the MP
analysis the transitions (ti} were down-weighted
relative to transversions (tv) according to the
ML-estimated ti/tv ratio (9:1) using the HKY85
(Hasegawa et al., 1985) model, and the tree
search was done using the branch-and-bound
search option. The consistency index (CI) and the
retention index (RI) (Kitching et al., 1998) were
calculated as measures for tree stability with
PAUP*. Parsimony-uninformative characters
were excluded for the calculation of CI, thus we
call it CIu (Kitching ez al., 1998).

Alternatively, pairwise ML-distances were
estimated using the HKY8S5 + I"'model. Estimating
distances via ML has the advantage of constant
parameters over all pairwise comparisons and
consequently the variance of distances is
reduced. These distances were used as a matrix
for neighbour-joining (NJ) clustering (Saitou &
Nei, 1987). NJ is assumed to be a good heuristic
approach for estimating the minimum evolution
tree (Page & Holmes, 1998). All trees were rooted
using two outgroup species: Centruroides
vittatus and C. bani.
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We applied nonparametric bootstrapping by
resampling 1000 data sets, and parametric boot-
strapping (= Monte Carlo simulation of DNA
sequences) by resampling 100 data sets with 177,
354 and 708 characters, respectively. Parametric
bootstrapping allows estimating how many char-
acters are needed for resolving a particular phylo-
genetic tree at a given frequency (Huelsenbeck &
Hillis, 1996). In contrast to the nonparametric
approach, parametric bootstrapping uses a
clearly defined substitution model (HKYS85 + I
in this case), a modeltree (the ML tree revealed by
heuristic search) and phylogenetic parameters
estimated via ML (Huelsenbeck & Hillis, 1996;
Page & Holmes, 1998). Parametric bootstrapping
was performed applying the algorithm “evolver”
from the PAML 2.0 package (Yang, 1997, 2000).

Furthermore, we used the parsimony recon-
structions to test the 16S gene for saturation. The
evolutionary change (= pairwise genetic dis-
tances) should be at least equal to the minimum
estimates of evolutionary change revealed by
parsimony branch lengths (= pairwise patristic
distances). We compared uncorrected and cor-
rected distances with branch lengths inferred
using parsimony as suggested by Philippe et al.
(1994).

DNA sequence availability

All sequences were deposited in the EMBL
Nucleotide Sequence Database with the follow-
ing accession numbers: C. exilicauda:
CexSQ = AJ299428; CexBA = AJ389384;
CexSI = AJ288634; CexJU = AJ288635;
CexCA = AJ288636; CexMI = AJ299429;
CexGU = AJ288642; CexPP = AJ288641;
CexYU = AJ288640; CexTE = AJ288639;
CexBC = AJ288637; CexTU = AJ288638;
C.vittatus: CviAR = AJ288643; C. bani:
CbaDO = AJ288644.

Results

The calculated pairwise distances ranged from
1-10% divergence (uncorrected p) (Table 1). The
genetic distances from the ingroup samples of C.
exilicauda to the outgroup taxa (CviAR and
CbaDO) were considerably higher, ranging from
13-16% (uncorrected p). These pairwise genetic
distances generally underestimate true genetic
divergence. The corrected HKY + T distance (as
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CexSQ CexBA CexSI CexJU CexCA CexMI CexBC CexTU CexTE CexYU CexPP CexGU CviAR ChaDO

CexSQ - 002 003 001 0.08 0.08
CexBA 0.03 - 004 004 0.10 0.10
CexSI 003 005 - 003 0.10 0.10
CexJU 002 005 0.03 - 007 007
CexCA 0.14 020 0.19 0.13 - 001
CexMI 0.14 020 019 013 001 -

CexBC 0.14 019 022 0.15 0.10 0.13
CexTU 011 0.16 0.18 0.14 0.10 0.13
CexTE 0.14 0.19 022 0.15 008 0.10
CexYU 0.12 016 0.19 0.13 0.1 0.1l
CexPP 0.16 021 024 0.17 009 O0.11
CexGU 0.14 019 021 0.15 0.1 0.11
CviAR 052 052 056 050 056 0.52
CbaDO 065 069 072 067 061 061

0.07
0.09
0.10
0.07
0.06
0.06

0.02
0.02
0.02
0.03
0.03
0.60
0.70

0.06
0.08
0.09
0.07
0.06
0.07
0.02

003
0.02
003
0.04
0.55
0.71

0.07
0.09
0.10
0.08
0.05
0.06
0.02
0.02

0.02
0.02
0.01
0.55
0.67

0.06
0.08
0.09
0.07
0.06
0.06
0.02
0.02
0.02

0.03
0.02
0.50
0.67

0.08
0.10
0.10
0.08
0.05
0.06
0.02
0.03
0.02
0.02

0.04
0.55
0.63

007
0.09
0.10
0.08
0.06
0.06
0.03
0.03
0.01
0.02
0.03

0.56
0.68

0.14
0.14
0.15
0.14
0.14
0.14
0.14
0.13
0.13
0.13
0.13
0.14

0.87

0.14
0.15
0.16
0.15
0.14
0.14
0.14
0.14
0.14
0.14
0.13
0.14
0.15

Table 1: Distance matrix of the sequence divergence (uncorrected p) (upper right) and of HKY85+G (lower left)
calculated from pairwise comparisons of 16S mtDNA sequences in Centruroides.

suggested by hierarchical likelihood ratio tests)
was calculated with the maximum likelihood
(ML) estimated parameters (Table 1). The base
frequencies were estimated to be x, =0.35,
e =0.16,715=0.11, 7 = 0.38, and the ti/tv ratio
was estimated to 9.00 (x = 22.58), respectively.
The shape parameter o was ML-estimated to 0.14
(assuming four rate categories). This corresponds
to an L-shaped gamma distribution that indicates
strong rate heterogeneity among sites. This cor-
rection for saturation increased the genetic dis-
tances, and therefore, genetic HKY + I distances
ranged from 1-24% among C. exilicauda sam-
ples, and went up to 72% between C. bani and
C. exilicauda. The proposed nucleotide substitu-
tion model and its estimated parameters are in
accordance with the nucleotide substitution mod-
els proposed for sequences in other scorpion gen-
era,namely Hadrurus (Fetetal.2001), Mesobuthus
and Buthus (Gantenbein, unpublished data). In
Euscorpius (Gantenbein et al., 2000), the
Tamura-Nei (1993) model was selected that dif-
fers from the HKY85 model only by the distinc-
tion of two different transition ratios.

The NJ tree using HKY + I distances as an
input matrix revealed three well supported main
clusters within C. exilicauda, a southern Baja
clade (SB), a northern Baja clade (NB), and a
Sonora/Arizona clade (SO/AZ), respectively
(Fig. 2A). The heuristic search using maximum
likelihood (ML) revealed two tree islands with a
-In likelihood of 1146.08, whereas the two tree
topologies differ slightly from each other by a
dichotomous and a trichotomous branching for

the three main clades within C. exilicauda. The
dichotomous branching order was hit in 83 out of
100 search replicates. The two tree topologies
from ML analysis are congruent to the topology
revealed by NJ (Fig. 2A).

The Branch-and-Bound tree search using
weighted maximum parsimony (MP) resulted in
44 equally parsimonious trees with 150 steps
(consensus tree, see Fig. 2B). These trees differed
mainly in the branching order of sequences with
only one to two bp difference (e.g. CexJU and
CexSQ). However, this method confirmed again
three divergent clades within C. exilicauda. The
consistency index (ClIu) and the retention index
(RI) were relatively high (0.63 and 0.75, respec-
tively) and indicated a high tree stability.

The parametric bootstrap analysis evolving
374 bp along a given model-tree (tree in Fig. 2A)
with the parameters estimated from ML analysis
revealed high bootstrap values (ranging from 70
to 88% for all nodes, Fig. 2A). Evolving half of
the analysed DNA fragment, i.e. 177 bp, using the
same tree and parameters resulted in a general
lowering of bootstrap values (55-66% for all
nodes), and therefore, in a considerable reduction
of the phylogenetic signal. Doubling the fragment
length (708 bp) did increase bootstrap values
(74-96% for all nodes). These findings imply that
about 370 bp are enough characters for recover-
ing a strong phylogenetic signal for detecting the
three major splits in Centruroides given the
sequences evolve according to the HKY + T
model.
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Fig. 2: A Neighbour-Joining (NJ) tree inferred from 16S mtDNA sequences of Centruroides using the HKY85
substitution model with rate heterogeneity (HK'Y85 + I'). Bootstrap values (>50%) are from NJ-bootstrapping, in
brackets ( ) from ML-bootstrapping and [ ] from parametric bootstrapping, respectively. B Strict consensus tree
of 44 equally parsimonious trees of 150 steps revealed by weighed Maximum Parsimony analysis (MP). The con-
sistency index (ClIu) was 0.63 and the retention index (RI) was 0.75.

The plot for the saturation as suggested by
Phillipe et al. (1994) is shown in Figure 3. When
the number of inferred steps between taxa esti-
mated on one of the equally parsimonious trees
are compared to pairwise distances, there was no
evidence for strong saturation among the
sequences, using both uncorrected and corrected
distances (Fig. 3). Correction for HKY +T" dis-
tances resulted in a general reduction of distances
among C. exilicauda samples, whereas the dis-
tances between the ingroup of C. exilicauda and
the outgroups were increased (Fig. 3B).

These results show that a deep, divergent
phylogeny exists among the studied populations
of C. exilicauda, and two separate lineages can be
distinguished: a “northern peninsular” lineage
(NB) and a “mainland” lineage (SO/AZ). The
position of Cabo San Lucas populations (CexCA,
CexMI), the “southern peninsular” lineage (SB),
is less clear.

Discussion

As currently accepted (Fet & Lowe, 2000), the
species Centruroides exilicauda (Wood, 1863)
includes populations from Mexico (Baja
California, Sonora) and the United States (all of
Arizona, adjacent parts of Utah and Nevada, and
occasional records in California). The species is
found also on the numerous islands in the Gulf of
California (Williams, 1980; Due & Polis, 1986).

Traditionally, however, this taxon was for a
long time treated as two separate species: a
“peninsular” C. exilicauda (Wood, 1863), limited
to Baja California only (type locality: Cabo San
Lucas; Cockendolpher & Peek, 1991), and a
“mainland” C. sculpturatus Ewing, 1928 from
Mexico and the USA (type locality: Tempe,
Arizona). Because Arizona populations attracted
attention of toxicologists, the name C. sculpturatus
was widely used in medical literature (e.g. Curry
et al., 1984; Simard & Watt, 1990). Those two
species appeared to be allopatric (Williams,
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1980; J. Bigelow, pers. comm.). The indirect and
anecdotal evidence exists that, while mainland
populations were highly toxic, the Baja
California populations do not exhibit high venom
potency (Mazzotti & Bravo-Becherelle, 1963;
G. A. Polis, pers. comm.), although no study
attempted comparison of toxicity between penin-
sular and mainland populations.

C.exilicauda and C. sculpturatus were listed as
separate taxa in the latest key to the genus
(Stahnke & Calos, 1977). Later, Williams (1980)
synonymized Ewing’s mainland species
C. sculpturatus with C. exilicauda. However, no
detailed study of these two species has been pub-
lished by this author; he simply stated (Williams,
1980: 7) that “comparison of C. exilicauda from
Baja California with C. sculpturatus from
Tempe, Arizona, reveal insignificant differences

estimated regression line (satu-
ration test after Phillipe er al.,
1994).

40 45 50

in morphology. Minor differences do appear
when widely separated populations are com-
pared; however, these seem to reflect only local
racial adaptations.” Wide variability of morph-
ology in the Baja California populations of this
species was addressed in an unpublished study by
Walker (1973). A very high variability was also
described from the Arizona populations (Stahnke,
1971). Synonymy of Williams (1980) has been
accepted by the later authors (Fet & Lowe, 2000),
although there was no attempt to study the situa-
tion in detail.

Our mtDNA data indicate that there might be in
fact more than one species currently united under
Centruroides exilicauda. Similar situations have
been discovered elsewhere in scorpions, e.g. in
the Alpine species Euscorpius germanus (C. L.
Koch, 1837) (Euscorpiidae) (Gantenbein et al.,
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Table 2: Polymorphic sites (indels, parsimony informative sites, transitions (ti), and transversions (tv)) in the
analysed 16S rRNA gene sequences. Abbreviations for the haplotypes are explained in Material and methods.

The sequence alignment was 373 bp long.

2000).In C. exilicauda, at least two lineages dis-
tinguished by mtDNA analysis are confined to
Baja California peninsula and to mainland,
respectively. The haplotype of the population
from the type locality of C. sculpturatus Ewing,
1928 (Tempe, Arizona) (CexTE) groups together
with other mainland haplotypes, although ML
and MP techniques do not agree on its exact

placement. The haplotype of the population from
the type locality of C. exilicauda (Wood, 1863)
(Cabo San Lucas, Baja California) (CexCA) in
our analysis is separated from the mainland lin-
eage. If the monophyly of these lineages is further
confirmed, and a taxonomic level of species is
eventually assigned to them, it might be necessary
to consider a separate taxon for a still another,
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northern peninsular lineage (CexSQ, CexBA,
CexSI, and CexJU) which forms a monophyletic
group in both ML and MP analyses.

Centruroides is one of a few extant scorpion
genera of which Cenozoic fossils exist, from both
the Miocene amber of the Dominican Republic
(Schawaller, 1979), with the minimal age 15-20
Ma (Itturalde-Vinent & MacPhee, 1996), and the
Miocene/Oligocene amber of Chiapas, Mexico
(Santiago-Blay & Poinar, 1993). Thus, the age of
the extant lineages can be very old, and their evo-
lution could be considered against the geological
events, which occurred since the Miocene. The
Gulf of California formed only 12-5Ma ago, and
the Baja California Peninsula assumed its mod-
ern position in the Pliocene (3—5 Ma ago) (Gastil
etal., 1983). The general aspects of the evolution
of North American desert fauna in general
(Morafka et al.,1992), and Baja California in par-
ticular (Murphy, 1983; Grismer, 1994) indicate
southern origin for many taxa which later spread
northward with progressing aridization.

The information about the assumed time of
divergence (3-5 Ma ago) between the Baja
Peninsula and the mainland allows to correlate
genetic divergences against time. Assuming that
the populations of C. exilicauda on the Baja
peninsula and on the mainland are authochto-
nous, and that these populations were separated
by the formation of the Baja Peninsula (3-5Ma
ago) we can estimate the evolutionary rate, which
is the sequence divergence per time unit (Li,
1997). Phylogenetic reconstruction suggests an
almost simultaneous splitting of Centruroides in
three distinct clades (SB, NB, and SO/AZ).
Dividing the observed genetic divergences
between peninsular (SB and NB) and mainland
(AZ/SO) haplotypes, which range from 6-10%
(x =7+1.5%) sequence divergence (uncorrected
p), (Table 1), by an assumed estimated time of
separation of 4 Ma reveals a molecular rate of
1.75% uncorrected divergence per Ma. Similarly,
corrected HKY +1I" distances ranged from 8-24%
(X =15+£4%) and the divergence rate is estimated
to 3.75% HKY +1T  distance per Ma based on the
identical separation time. If we consider an even
earlier or later isolation time of mainland and
peninsular lineages of 3 or 5 Ma the rates vary
from 1.4-2.3% uncorrected sequence divergence
and from 3-5% HKY +T distance per Ma. These
estimates of molecular evolutionary rates in
mitochondria lie in the range of the clock calibra-
tion in primates by Brown et al. (1979) based on
mtDNA RFLP data. This study predicts an
evolutionary rate of mitochondrial DNA of
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about 2% uncorrected divergence per Ma and was
cited many times for organisms where no fossil
data or dated vicariant events are available. More
important for invertebrates, however, is the esti-
mated divergence rate for the mitochondrial 16S
gene in Hawaiian Drosophila species that was
again estimated to about 2% uncorrected diver-
gence per Ma (DeSalle et al., 1987). Another
clock calibration used pairwise genetic diver-
gences of sister taxa of snapping shrimps of the
genus Alpheus across the Isthmus of Panama and
revealed a rate of 2.4% uncorrected sequence
divergence (Knowlton et al., 1993). These rates
imply that the divergence rate in the scorpion
mitochondrial 16S rRNA gene is comparable to
other rates estimated in other invertebrates and
even in vertebrates. Whether mitochondria in
scorpions evolve generally with a comparable
rate found in other invertebrates should be tested
in other scorpion species with well known diver-
gence dates. However, these clock calibrations
are dependent on the analysed gene region and on
the precision of the dating of the vicariant
event(s) (Kumar & Hedges, 1998). Most calibra-
tions are based on somewhat tenuous biogeo-
graphical dates and assume ad hoc a constant
evolutionary rate, i.e. a molecular clock, and
therefore, should be considered with caution.
The shape and clade support of the recovered
mtDNA phylogeny unequivocally indicates that
the mainland populations (Arizona+ Sonora) are
separated from the peninsular ones (Baja
California). There was no resolution among the
mainland populations that could indicate that
these haplotypes are sufficiently divergent to pro-
vide the necessary phylogenetic signal in the 16S
rDNA gene. On the other hand, the clade of the
northern peninsular populations is well sup-
ported, and their phylogeny has a comblike
branching shape indicating a clear geographic
south-to-north gradient in haplotype changes,
resembling a so-called “peninsular effect” in fau-
nal changes observed in Baja California (Due &
Polis, 1986). Thus, our phylogeny suggests that
both peninsular and mainland populations origi-
nate from the southern ancestors. The Cape
region of Baja California, according to the geo-
logical data (Gastil et al., 1983), underwent a
history of separation from the mainland as an
archipelago of Miocene islands, and only later
joined the territory of the modern Baja California
Peninsula. Isolation of the Cape area at different
times resulted in endemic forms of reptiles
(Murphy, 1983; Grismer, 1994) and rodents
(Riddle et al., 2000); it also could be responsible
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for a separation of southern (CexCA, CexMI) lin-
eage of C. exilicauda which is observed in our
phylogeny.

Our results suggest that more than one mono-
phyletic lineage (species?) exist within currently
accepted Centruroides exilicauda (Wood, 1863).
Further, detailed investigations should be carried
out to test this hypothesis: one has to study many
more populations from the entire range of
C. exilicauda, and search for other data sets
(nuclear genes, allozymes, morphology, toxin
structure/activity) to be able to establish the true
taxonomic and genetic structure of the popula-
tions currently grouped under this species.
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