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Hox gene duplications correlate with
posterior heteronomy in scorpions
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and Ward C. Wheeler!

Division of Invertebrate Zoology, American Museum of Natural History, Central Park West at 79th Street,
New York, NY 10024, USA

2Department of Organismic and Evolutionary Biology, Harvard University, 16 Divinity Avenue, Cambridge,
MA 02138, USA

The evolutionary success of the largest animal phylum, Arthropoda, has been
attributed to tagmatization, the coordinated evolution of adjacent metameres
to form morphologically and functionally distinct segmental regions called
tagmata. Specification of regional identity is regulated by the Hox genes, of
which 10 are inferred to be present in the ancestor of arthropods. With six
different posterior segmental identities divided into two tagmata, the bauplan
of scorpions is the most heteronomous within Chelicerata. Expression
domains of the anterior eight Hox genes are conserved in previously surveyed
chelicerates, but it is unknown how Hox genes regionalize the three tagmata of
scorpions. Here, we show that the scorpion Centruroides sculpturatus has two
paralogues of all Hox genes except Hox3, suggesting cluster and/or whole
genome duplication in this arachnid order. Embryonic anterior expression
domain boundaries of each of the last four pairs of Hox genes (two paralogues
each of Antp, Ubx, abd-A and Abd-B) are unique and distinguish segmental
groups, such as pectines, book lungs and the characteristic tail, while main-
taining spatial collinearity. These distinct expression domains suggest
neofunctionalization of Hox gene paralogues subsequent to duplication.
Our data reconcile previous understanding of Hox gene function across
arthropods with the extreme heteronomy of scorpions.

1. Introduction

The evolutionary success of Arthropoda is attributed to their segmented bauplan
and its modularization through tagmosis, whereby groups of adjacent segments
evolve in concert to achieve morphological and functional distinction from other
such groups along the anteroposterior (AP) axis [1]. A conserved cluster of tran-
scription factors called the Hox genes play key roles in conferring segmental
identity and have been implicated as the driving force in the evolution of tagmata
[2-6]. Loss or gain of Hox gene function has been shown to cause homeotic trans-
formations in multiple arthropod species [6—10]. Ten Hox genes are inferred to have
been present in the common ancestor of arthropods and their sister group, Onycho-
phora, and are typically closely genetically linked on a chromosome [4,11-14]. They
are expressed collinearly along the AP axis, i.e. in the same order as they occur on the
chromosome in the cluster [15,16], and spatial shifts in Hox gene expression are
associated with morphological change in body plans [9,17-21].

Scorpions are an unusual and iconic lineage of arthropods, due to an ancient
origin and marked heteronomy. This lineage is unique among arthropods in pos-
sessing a tagma dedicated exclusively to prey capture and defence: the flexible
and photosensitive metasoma (tail) of scorpions harbours the venom glands
and expresses one of the opsins shared with the eyes, conferring light signal trans-
duction to this eyeless body region [22-25]. Like most Euchelicerata, the prosoma
(anterior tagma) of scorpions consists of seven segments: the protocerebral, che-
liceral, pedipalpal and four leg-bearing segments (but see [26] for a review of the
segmental nature of the protocerebrum). Hox gene expression surveys of multiple
chelicerate orders (spiders, mites and harvestmen) have demonstrated the

© 2014 The Author(s) Published by the Royal Society. Al rights reserved.
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Figure 1. Four Hox genes are expressed in the chelicerate opisthosoma. (a) Summary of Hox gene expression domains in the chelicerate prosoma, based on data

from spiders, mites and harvestmen. (b) Opisthosomal Hox expression in Opiliones

is correlated with the homonomy of the harvestman posterior tagma. Note

coincident anterior expression boundaries of Ubx, abd-A and Abd-B. (c) Differentiation of four distinct anterior opisthosomal segment types in spiders is correlated
with staggered expression domains of the opisthosomal Hox group. (d) The bauplan of scorpions has six segmental identities divided into two tagmata, which
cannot be reconciled with only four Hox genes in this region. (e) Limb bud stage embryo of C. sculpturatus, with segments of the prosoma, mesosoma and
metasoma completely formed. (f) Generalized scorpion anatomy in dorsal view. (g) Generalized scorpion mesosomal anatomy in ventral view. bl, book lung;
ch, chelicera; ea, embryonic appendage; go, genital operculum; L1, first walking leg; b, labrum; 01, first opisthosomal segment; pe, pectine; pp, pedipalp;

st, sternum. Scale bar in (e): 200 pum. (Online version in colour.)

evolutionary conservation of Hox patterning in the prosoma.
As in the anterior tagma of all arthropods surveyed, the pat-
terning of the prosoma is associated with staggered anterior
expression boundaries of the first six Hox genes, engendering
a unique combination of Hox transcripts for each segmental
identity (figure 1a) [4,27,28]. In chelicerates, few of these
anterior six Hox genes are expressed posterior to the last
prosomal segment, with transient expression of proboscipedia
(pb), Hox3, Deformed (Dfd) and Sex combs reduced (Scr) observed
in posterior segments of some, but not all, species. This leaves
four Hox genes, Antennapedia (Antp), Ultrabithorax (Ubx),
abdominal-A (abd-A) and Abdominal-B (Abd-B), to pattern the
posterior tagma, the opisthosoma [4,28].

Functional studies of Antp in the spider Parasteatoda
tepidariorum have demonstrated the role of this gene in enfor-
cing the prosomal-opisthosomal boundary [10]. The earliest
expression of Antp consistently occurs in the first opisthosomal
(O1) segment of multiple chelicerates [10,12,28]. Additionally,
a previous study illustrated the lability of abd-A and Abd-B
anterior expression boundaries in some chelicerate orders. In
harvestmen (Opiliones), the homonomous opisthosoma is cor-
related with coincident anterior boundaries of Ubx, abd-A and
Abd-B in the second opisthosomal segment (figure 1b) [28]. In
spiders, the differentiation of the opisthosoma into segments

forming the pedicel (O1), the respiratory organs (book lungs
and/or tracheal tubules; O2-03), spinnerets (silk-spinning
organs; O4-05) or no external organs at all (O6-012), is in
turn correlated with the staggered expression domains of
Ubx, abd-A and Abd-B, which result in unique combinations
of Hox transcripts in each segment type (figure 1c) [27,29].
Unlike all other Chelicerata, scorpions have a highly differ-
entiated opisthosoma that contains six segmental identities
conventionally grouped into two tagmata: the mesosoma
(“abdomen,” segments O1 to O8) and the metasoma (segments
09 to O13) (figure 1d). The mesosoma and the metasoma are
functionally distinct tagmata, with the former harbouring
major organ systems, and the latter dedicated to prey immobil-
ization and defence through envenomation (figure 1f,g). In the
mesosoma, O1 develops a transient pair of embryonic appen-
dage rudiments that are resorbed before hatching, and the
remainder of the segment becomes part of the genital chamber
in adults. O2 bears the genital pores, O3 the pectines (sensory
appendages unique to scorpions) and O4—-07 the book lungs.
No organs form on O8, the tapering last segment of the meso-
soma. O9-013 narrow to form the characteristic metasoma,
which bears the venom glands and the aculeus (stinger).
Among the arthropods, only insects, some crustaceans and
scorpions bear three tagmata (reviewed by [4]). Yet it is
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unknown how Hox genes regionalize the three tagmata in
scorpions. Only the collective protein expression of Ubx and
abd-A (termed ‘UbdA’) has been surveyed in the scorpion
Smeringurus mesaensis, which shows an anterior expression
boundary in part of the O2 segment, comparable to harvest-
men [28,30]. Scorpion life-history characteristics, including
live birth in all extant species and gestation periods lasting
several months have heretofore precluded extensive develop-
mental genetic study in this lineage [30-33]. Here, we
investigated the genetic basis of posterior tagmosis in
the bark scorpion Centruroides sculpturatus. We show that
C. sculpturatus has two paralogues of every Hox gene class
excepting Hox3, and thus possesses a total of 19 Hox genes.
We show that the paralogues of the posterior class Hox genes
each have distinct expression patterns that result in unique com-
binations of Hox transcripts for each segmental identity. The
paralogues retain archetypal Hox gene spatial collinearity,
reconciling the heteronomy of scorpions with established
mechanisms of Hox gene regulation in Arthropoda.

2. Material and methods

Adult females of the scorpion C. sculpturatus were purchased
from Hatari Invertebrates (AZ, USA). Females were anaestheti-
zed with CO, and embryos dissected from the ovary following
a published protocol [31]. RNA was extracted from one clutch
of limb bud stage embryos using Trizol (Invitrogen) and first
strand ¢cDNA synthesis was performed using SuperScriptIIl
(Invitrogen). A developmental transcriptome of C. sculpturatus
was generated by sequencing this cDNA in a single flowcell on
an Illumina HiSeq 2500 platform subsequent to strand-specific
library preparation with the Apollo 324TM system (IntegenX),
using paired-end 150 bp-long reads at the Harvard University
Bauer Core Facility. Terminal bases with a Phred quality score
under 33 were trimmed and over-represented rRNA sequences
were discarded. Assembly was conducted using the software
TriNITY with a path reinforcement distance of 75 and enforcing
strand-specific assembly, with a resulting estimated coverage of
23.9x [34].

Fragments of Hox genes were identified by BLAST. Phyloge-
netic analysis of Hox gene amino acid sequences was conducted
as follows: amino acid sequences of chelicerate and mandibulate
Hox orthologues with known expression patterns were aligned
using MusctL v. 3.6 [35] and culled to 68 conserved, adjacent pos-
itions using GBrocks v. 0.91b [36]. Maximum-likelihood analysis
was performed using RAXML v. 7.7.5 [37] and Bayesian inference
analysis using MRBAYEs v. 3.1.2 [38]. Details of heuristics and all
multiple sequence alignments are provided in the electronic sup-
plementary material.

Templates for riboprobe synthesis were generated by PCR-
amplified gene-specific primers, and cloning amplicons using
the TOPO TA Cloning Kit with One Shot Top10 chemically com-
petent Escherichia coli (Invitrogen, Carlsbad, CA, USA), following
the manufacturer’s protocol. Amplicon identities were verified
by Sanger sequencing. Primer sequences for templates are pro-
vided in the electronic supplementary material, table S1. The
developmental transcriptome is deposited in the NCBI Sequence
Read Archive, accession no. SRR1515193.

Centruroides sculpturatus embryos were fixed and whole mount
in situ hybridization performed following a published protocol
[39]. Approximately 15-20 embryos were assayed for every para-
logue. For each pair of paralogues, clutches were divided and
expression examined in equivalent stages. Embryos were mounted
in glycerol and images were captured using an HrC AxioCam
and an Axio Zoom V.16 fluorescence stereomicroscope driven by
Zen (Zeiss).

3. Results
(a) Identification of scorpion Hox genes

Phylogenetic analysis of a 68site conserved region of Hox
gene amino acid sequences obtained from a C. sculpturatus tran-
scriptome was conducted using maximum-likelihood and
Bayesian inference analyses. Tree topologies obtained indicated
exactly two copies of all Hox genes in C. sculpturatus, except for
Hox3, for which a single copy was recovered (figure 2). Among
chelicerates, duplicates of Hox genes have been previously
reported for the spiders Cupiennius salei and P. tepidariorum, in
the genes labial (lab), pb, Dfd, Scr and Ubx; and the horseshoe
crab Limulus polyphemus, in which up to four putative copies
occur of some Hox genes [11,40] (electronic supplementary
material, table S2). To assess whether the scorpion and spider
paralogues represent lineage-specific duplications, we con-
structed larger nucleotide sequence alignments for lab, Dfd,
Scr and Ubx using spider, scorpion and harvestman sequences
only. Consideration of only closely related chelicerate Hox
sequences enabled retention of more sites for analysis upon
masking of ambiguously aligned sites, as non-chelicerate
sequences diverge greatly outside of the conserved region. We
included paralogues of some Hox genes found in the genome
of the scorpion Mesobuthus martensii [25] (electronic supplemen-
tary material, table S2). In no gene tree do scorpion and spider
orthologues form paralogue-specific clusters (figure 3). Instead,
gene trees generated from these alignments showed that
the spider and scorpions sequences frequently form clusters
corresponding to their respective orders when rooted with
orthologous harvestman sequences, supporting lineage-specific
duplications in both spiders and scorpions (figure 3).

(b) Expression of Cscu-Antp paralogues

The anterior expression boundary of Cscu-Antp-1 occurs in the
L4 (fourth walking leg) segment, including in the limb buds
(figure 4c). By contrast, the anterior expression boundary of
Cscu-Antp-2 occurs in the posterior part of the L4 segment,
and it is absent from the L4 limb buds (figure 4d; electronic
supplementary material, figure S1). In other chelicerates, the
expression domain boundaries of the opisthosomal Hox
group genes (Antp, Ubx, abd-A and Abd-B) extend to the pos-
terior terminus of the embryo [10,28,29,40,41]. Consistent
with this pattern, expression of Cscu-Antp-1 and Cscu-Antp-2
extends to the posterior (figure 4a,b). Cscu-Antp-1 is expressed
at higher levels in O1 and O2 than in O3 through to O13, with
the strongest expression occurring in the O2 neural lobes.
Expression of Cscu-Antp-2 in posterior segments is more uni-
form than that of Cscu-Antp-1. Both genes are expressed in
the neuroectoderm along the ventral midline.

(c) Expression of Cscu-Ubx paralogues

Distinct anterior expression boundaries of Cscu-Ubx-1 and
Cscu-Ubx-2 occur in ventral portions of O1 and O2, respectively
(figure 4ef ). In Cscu-Ubx-1, the anterior boundary comprises a
single pair of small domains in the posterior of O1, whereas
the anterior expression boundary of Cscu-Ubx-2 consists of a
pair of hemispherical domains in O2 that abut the O1-O2 bound-
ary. Cscu-Ubx-2 expression is stronger in the opisthosomal
organs and ventral ectoderm than in the pleura, and both ortho-
logues show similar levels of expression in posterior segments.
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Figure 2. Tree topology inferred from maximum-likelihood analysis of conserved regions (68 amino acid characters), using selected arthropod taxa for which gene
expression has been reported (In L = —2074.37). Centruroides sculpturatus sequences are indicated in bold. Colours correspond to Hox gene identities, as in
figure 1. Inset: alternative topologies of Hox3, Scr, Dfd and abd-A subtrees based on Bayesian inference analyses. Values on nodes indicate bootstrap resampling
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(d) Expression of Cscu-abd-A paralogues

Anterior expression boundaries of Cscu-abd-A-1 and Cscu-abd-
A-2 occur in O3 and O4, respectively (figure 4g,h). Clear
expression of Cscu-abd-A-1 is observed in the developing pec-
tines, the largest of the embryonic opisthosomal organs in
this species. Cscu-abd-A-2 is expressed in the first book lung
primordia in O4. In posterior segments, expression level of
Cscu-abd-A-1 is higher in the metasoma than in the mesosoma.
Both Cscu-abd-A-1 and Cscu-abd-A-2 are strongly expressed in
the metasoma.

(e) Expression of (scu-Abd-B paralogues

The strong anterior expression boundary of Cscu-Abd-B-1 in
the metasomal segments occurs in O8, the recurved meso-
somal segment that occurs in the posterior of the scorpion
embryo (but not at the terminus of the AP axis). By contrast,
the strong anterior expression boundary of Cscu-Abd-B-2
occurs in the posterior part of O9 (figure 4i,j). Restricted and
unique expression domains of each Abd-B paralogue are also
observed in the ventral ectoderm of mesosomal segments, as
follows. Cscu-Abd-B-1 is additionally expressed in the ventral
neuroectoderm of O3-07, with expression restricted to the
medial part of the neuroectoderm. By contrast, additional
expression of Cscu-Abd-B-2 occurs in the ventral ectoderm of
04-07, but in domains that comprise most of the

neuroectoderm. Expression in the book lungs is observed in
later stages (electronic supplementary material, figure S2).
Both paralogues are uniformly expressed in the metasoma pos-
terior to O9 (figure 4i,j). Expression of neither paralogue was
observed in the genital segment (only stages prior to formation
of genital pores were examined in this study).

4. Discussion

The degree of tagmatization occurring in the scorpion opistho-
soma is exceptional among chelicerates. Our gene expression
data demonstrate that both paralogues of each of the last four
Hox genes are expressed in a canonical Hox-like pattern in scor-
pions. The staggering of the anterior expression boundaries,
resulting from the offset of the anterior expression boundaries
by one or more segments, establishes a unique combination of
Hox transcripts for each segmental identity (figure 5a).
Expression data in the spider and the harvestman implicate
roles for abd-A and/or Abd-B in opisthosomal differentiation
[28]. Apropos, offsets in anterior expression domains among
Cscu-abd-A and Cscu-Abd-B paralogues appear to delimit the
segmental identities of the scorpion pectine- and book lung-
bearing segments (O3 and O4-07, respectively). The weaker
expression domains of the Cscu-Abd-B paralogues are similar
to their counterparts in the spider C. salei, wherein Abd-B is
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strongly expressed throughout posterior segments (O5-010),
and weakly in O3—-04 [28]. The functional significance of the
weaker Abd-B domains is not known in chelicerates [10,29].
Paralogues of all four scorpion opisthosomal Hox genes
follow spatial collinearity. However, protein expression of

UbdA in another scorpion species (S. mesaensis) shows an
anterior expression boundary similar to the one observed
for Cscu-Ubx-2 in early stages (i.e. in the ventral part of O2,
with expression throughout O3 and posterior segments; com-
pare figure 4f to fig. 2a of [30]). In late stages of S. mesaensis,
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the anterior expression boundaries of Cscu-abd-A-1 and Cscu-abd-A-2 are offset by a single segment, in 03 and 04, respectively. (i) Cscu-Abd-B-1 and Cscu-Abd-
B-2 are strongly expressed starting from 08 (brackets in (i) show upturning 08 segment) and from 09, respectively. Weaker expression domains occur along the ventral
midline in both paralogues, but in distinct tissues. pe, pecting; bl, book lung. Scale bars: 200 wm (¢,d); 400 wm (e—j); and 500 wm (a,b). (Online version in colour.)

expression of UbdA is similar to that of Cscu-Ubx-1 (i.e. with
strong expression in O2 and posterior segments; compare
figure 4e to fig. 2c of [30], but includes more tissue in the
O1 segment. It is unclear whether these differences in
expression correspond to differences in embryonic stage or
differences between the two lineages.

In the harvestman Phalangium opilio, a chelicerate with
putatively single orthologues of Anfp and Ubx, the anterior
expression boundary of both Hox genes shifts during develop-
ment [28]. Early expression of Antp commences in O1, but
expands into the L4 segment (including the limb bud) in
later stages [28]; the same phenomenon occurs with spiders’
Antp [10,27]. Curiously, in C. sculpturatus, the Antp paralogues’

expression domains resemble the two temporally distinct
expression profiles of the single harvestman and spider Antp
orthologues. Similarly, Ubx paralogues of both spiders and
scorpions have offset anterior expression boundaries (although
neither spider Ubx paralogue is expressed in O1 [40]), whereas
Ubx expression in the harvestman commences in the posterior
part of O2 but shifts forward in later stages [28].

These data are suggestive of subfunctionalization of Antp in
scorpions and of Ubx in both scorpions and spiders. A similar
pattern is observed in spider and harvestman Scr; the harvest-
man Scr orthologue’s expression domain resembles the union
of expression domains of the two Scr paralogues of C. salei
[28,40]. However, we add the caveat that gene silencing of
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Figure 5. (a) Summary of opisthosomal Hox expression patterns in C. sculpturatus. (b) Summary of known Hox expression patterns in Chelicerata. Coloured squares
indicate known expression domains. Dashed square for acariform abd-A indicates gene loss. Duplicated genes without verified expression data not indicated. Tree

topology based on [42]. (Online version in colour.)

spider Antp, the only functional data available to date
for chelicerate Hox genes, affects only the Ol segment,
de-repressing appendage formation [10]. No Antp phenotype
has been reported in L4, and it is therefore not clear what, if
anything, is achieved by expansion of Antp expression into
the L4 segment, which has now been reported in two spiders
(C. salei and P. tepidariorum), a mite and a harvestman
[12,27,28,40,43]. Furthermore, phylogenetic placements of scor-
pion and spider Hox paralogues, when these are retained and
topologically informative (specifically, Dfd, Scr and Antp), do
not support with statistical significance a scenario of lineage-
specific duplications (figure 3). Likelihood-based tests of tree
topology demonstrate that neither lineage-specific duplications
nor a common duplication event in the most recent common
ancestor of scorpions and spiders is the topologically superior
scenario (at & = 0.01) in any of the six test cases (figure 3 and
table 1; electronic supplementary material). A lack of statistical
significance in this case may be attributable to: (i) the paucity of
sampled lineages, (ii) rate heterogeneity in one or more ara-
chnid species, (iii) the degree of evolutionary conservation of
the homeobox domain in multiple sequence alignments, or
(iv) some combination of these systematic biases. In spite of

accruing genomic resources for arachnids, we were unable to
discover duplicated scorpion Hox genes in published data-
bases, as well as our own unpublished scorpion libraries (P.P.
Sharma and W.C. Wheeler 2014, personal communication),
particularly because no other embryonic transcriptomes have
been generated for this group of chelicerates.

It therefore remains to be investigated how many other Hox
paralogues have been retained in spider genomes, and what
function the spider paralogues serve during embryogenesis.
Similarly, the degree of retention of Hox gene paralogues
within Scorpiones cannot presently be assessed because both
C. sculpturatus and M. martensii are members of the same
family of scorpions (Buthidae), and basal relationships of the
extant scorpions are unresolved [44,45]. Given that both spiders
and scorpions have a conserved prosoma, but a more differen-
tiated opisthosoma, than other euchelicerates, it is possible that
some prosomal Hox paralogues in spiders and scorpions have
been lost or undergone subfunctionalization, whereas some
opisthosomal paralogues have neofunctionalized. The recently
sequenced genome of the scorpion M. martensii is reported to
bear over 32000 genes, more than any other arthropod
genome, and demonstrably accelerated gene family turnover,
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Table 1. Likelihood scores for Hox gene tree alignments with topologies unconstrained or constrained to a specific scenario (as in figure 3). (Difference in log
likelihoods and standard deviation of this value are indicated for the comparison of hypothesis 1 (lineage-specific duplication) and hypothesis 2 (duplication in

most recent common ancestor of spiders and scorpions).)

InL (unconstrained)
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e
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but a putative whole genome duplication in scorpions has not
been assessed [25].

An alternative route to testing a common mechanism
of Hox gene duplications in spiders and scorpions may
be concerted expansion of available genomic resources for
other arachnid orders. Specifically, the discovery of Hox
gene paralogues in non-spider tetrapulmonates (Amblypygi,
Schizomida and Thelyphonida) would empower statistical
assessments of the likelihood of a common duplication mech-
anism. Moreover, such a discovery could lend credence to the
recently proposed sister relationship between scorpions and
Tetrapulmonata [42].

5. Conclusion

We propose that the duplication of scorpion Hox genes and
putative neofunctionalization of paralogues of the opisthosomal
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group facilitated the extreme heteronomy of scorpions, the
only group of arthropods with a tagma dedicated exclusi-
vely to prey capture and defence. Our results suggest that
gene duplications may have been a plausible mechanism
for achieving morphological diversification in this ancient
group of arthropods.
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Electronic Supplementary Material

Methods

(a) Phylogenetic analysis of 68-site dataset

For the maximum likelihood search with rapid bootstrapping in RAXML v. 7.7.5[1, 2], a
WAG model of sequence evolution [3] with corrections for a discrete gamma distribution
(WAG +T') [4] was specified, as selected by ProtTest v. 3 [5]. 500 independent searches
were conducted and nodal support estimated with 500 bootstrap replicates. The alignment

is provided as Dataset S1.

Bayesian inference analyses were conducted with MrBayes v.3.1.2 [7] using a mixed
model of protein sequence evolution with corrections for a discrete gamma distribution.
Two runs, each with four chains of default temperature distribution, were performed for 5
x 10° generations. Stationarity was assessed using Tracer v. 1.5 [8] and 1.25 x 10¢

generations were discarded as burnin.

(b) Phylogenetic analysis of individual gene trees

Chelicerate sequences of labial, proboscipedia, Deformed, Sex combs reduced,
Antennapedia, and Ultrabithorax were aligned using MUSCLE v. 3.6 [9], and alignments
were confirmed using amino acid sequence translations. Ambiguously aligned sites were
masked with GBlocks v. 0.91b [10]. Sequences of Limulus polyphemus were not included

in this analysis, as they are too short to yield reliable phylogenetic signal. Inclusion of



pycnogonid and mite sequences was attempted, but these sequences are highly prone to

long-branch attraction artifacts, and were thus also excluded.

For nucleotide sequence alignments, a general time reversible (GTR) [6] model with
corrections for a discrete gamma distribution (GTR + I') was specified. Tree topology
and nodal support were inferred using RAXML v. 7.7.5, with heuristic strategy as above

[1, 2]. Alignments are provided as Datasets S2-S7.

(¢) Likelihood ratio tests

For each of the six nucleotide alignments (above), we assessed the strength of
phylogenetic evidence for evolutionary scenarios using Shimodaira—Hasegawa (SH; [11])
and Approximately Unbiased (AU; [12]) tests in RAXML v. 7.7.5 [1]. We enforced
topological constraints consistent with two scenarios: hypothesis 1 constrained the tree
topologies to reflect lineage-specific duplications, and hypothesis 2 constrained the tree
topologies to reflect a common mechanism of duplication in the MRCA of scorpions and
spiders (illustrated in figure 3). To avoid incorrect assignment of orthology under
hypothesis 2, all possible topologies conforming to hypothesis 2 were used as inputs. To
obtain p-values for the test, per-site log likelihood values were computed using the —f g
command in RAXML v. 7.7.5 [1]. The resulting likelihoods were analyzed using

CONSEL [13].
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Multiple sequence alignments (Data sets S1-S7)

#NEXUS

BEGIN DATA;
DIMENSIONS NTAX=92 NCHAR=68;

FORMAT DATATYPE=PROTEIN INTERLEAVE MISSING=-;

[DATASET S1: Peptide alignment of Hox genes with known expression patterns,

in nexus format.]

MATRIX

Porcellio_scaber AbdB RKKRKPYSKFQTLELEKEFL
YNAYVSKQKRWELARNLNLT ERQVKIWFQNRRMKKKKNSQ
RQAAQEGR

Phalangium_opilio. AbdB RKKRKPYSKFQTLELEKEFL
YNAYVSKQKRWELARNLNLT ERQVKIWFQNRRMKSKKNSQ
RNAENNQN

Archegozetes_longisetosus AbdB RKKRKPYSKFQTLELEKEFL

FNAYVSKQKRWELARNLNLT ERQVKIWFQNRRMKSKKTSQ RNSDRNK-



Cupiennius_salei AbdB RKKRKPYSKFQTLELEKEFL
FNAYVSKQKRWELARNLNLT ERQVKIWFQNRRMKSKKTSQ
RNAENNQN

Strigamia_maritima AbdB RKKRKPYSKFQTLELEKEFL
FNAYVSKQKRWELARNLNLT ERQVKIWFQNRRMKNKKNSQ
RNQTDSAK

Tribolium_castaneum AbdB RKKRKPYSKFQTLELEKEFL
FNAYVSKQKRWELARNLNLT ERQVKIWFQNRRMKNKKNSQ
RQAAQQQN

Centruroides_sculpturatus AbdB2 RKKRKPYSKFQTLELEKEFL

FNAYVSKQKRWELARNLNLT ERQVKIWFQGR--------- --------

Lithobius_atkinsoni AbdB L FNAYVSKQKRWELARNLNLT

ERQVKIWFQNRRMKNKKNSQ RNTADTTA

Glomeris_marginata AbdB L FNAYVSKQKRWELARNLNLT
ERQVKIWFQNRRMKNKKNSQ RNQQDTSS

Centruroides_sculpturatus AbdB1 RKKRKPYSKFQTLELEKEFL

FNAYVSKQKRW

Glomeris_marginata Hox3 H FNPYICRPRRVEMALVLGLQ
ERQIKIWFQNRRMKFKKDNR HRDNHNCL

Lithobius_atkinsoni Hox3 -------- SAQLVELEKEFH
FNRYLCRPRRVELAKQLGLT DRQIKIWFQNRRMKYKKELK HREGCQTA
Tribolium_castaneum_zen KRARTAYTSAQLVELEREFH

HGKYLSRPRRIQIAENLNLS ERQIKIWFQNRRMKHKKEQM NKVSTPRS



Tribolium_castaneum z2 KRARTAYTSSQLVELEREFH
RSKYLCRPRRIQMAQNLNLT ERQIKIWFQNRRMKFKKEEK NKVVTPKT
Centruroides_sculpturatus Hox3 KRARTAYTSAQLVELEKEFH
FNRYLCRPRRIEMAALLNLT ERQIKIWFQNRRMKFKKEQK SKGLSVDD
Archegozetes_longisetosus Hox3 KRARTAYTSSQLVELEKEFH
TSRYLCRPRRIEMASLLKLS ERQIKIWFQNRRMKFKKEQ- --------
Cupiennius_salei Hox3 KRARTAYTSAQLVELEKEFH
FNRYLCRPRRIEMANLLNLS ERQIKIWFQNRRMKYKKEQK SKGLYIQQ
Tribolium_castaneum_lab NTGRTNFTNKQLTELEKEFH
FNKYLTRARRIEIASALQLN ETQVKIWFQNRRMKQKKRMK EGLIPPEP

Archegozetes_longisetosus lab NTGRTNFTTNQLTELEKEFH

FNKYLTRARRIEIATALQLN ETQVK.

Lithobius_atkinsoni_lab H FNKYLTRARRIEIATALQLN

ETQVKIWFQNRRMKQKKRLK EGSILVSE

Porcellio_scaber lab GTGRTNFTTKQLTELEKEFH
FNKYLTRARRIEIASALQLN ETQVKIWFQNRR-------- —--—----
Cupiennius_salei lab GSGRTNFTTKQLTELEKEFH
YNKYLTRARRIEIATALQLN ETQVKIWFQNRRMKQKKRMK EGLLVT--
Centruroides_sculpturatus lab2 GTGRTNFTTKQLTELEKEFH
FNKYLTRARRIEIATALQLN ETQVKIWFQNRRMKQKKRMK EGLVPPEN
Phalangium_opilio_lab GSGRTNFTTKQLTELEKEFH

FNKYLTRARRIEIATALQLN ETQVKIWFQNRRMKQKKRMK EGLIPPEP



Glomeris_marginata_lab -------- TKQLTELEKEFH
FNKYLTRARRIEIATALQLN ETQVKIWFQNRRMKQKKRMK EGLVIVKE
Centruroides_sculpturatus labl GSGRTNFTTKQLTELEKEFH
FNKYLTRARRIEIATALQLN ETQVKIWFQNRRMKQKKRMK EGL-----
Glomeris_marginata_ftz KRTRQTYTRFQTLELEKEFH
SNRYLNRRRRIEIATSLTLT ERQVKIWFQNRRMKAKREPK MVVHAGGN
Cupiennius_salei Ubxl RRGRQTYTRYQTLELEKEFH
TNHYLTRRRRIEMAHALCLT ERQIKIWFQNRRMKLKKEIQ AIKELNEQ
Glomeris marginata Ubx RRGRQTYTRYQTLELEKEFH

TNHYLTRRRRIEMAHALCLT ERQIKIWFQNRRMKLKKEIQ AIKELNEQ

Lithobius_atkinsoni Ubx H TNHYLTRRRRIEMAHALCLT
ERQIKIWFQNRRMKLKKEIQ AIKELNEQ
Phalangium_opilio Ubx RRGRQTYTRYQTLELEKEFH

TNHYLTRRRRIEMAHALCLT ERQIKIWFQNRRMKLKKEIQ AIKELNEQ

Porcellio_scaber Ubx H TNHYLTRRRRIEMAHALCLT
ERQIKIWFQNRRMKLKKEIQ AIKELNEQ

Strigamia_maritima Ubx RRGRQTYTRYQTLELEKEFH
TNHYLTRRRRIEMAHALCLT ERQIKIWFQNRRMKLKKEIQ AIKELNEQ
Tribolium_castaneum Ubx RRGRQTYTRYQTLELEKEFH
TNHYLTRRRRIEMAHALCLT ERQIKIWFQNRRMKLKKEIQ AIKELNEQ
Centruroides_sculpturatus Ubxl RRGRQTYTRYQTLELEKEFH

TNHYLTRRRRIEMAHALCLT ERQIKIWFQNRRMKLKKEIQ AIKELNEQ



Centruroides_sculpturatus Ubx2 RRGRQTYTRYQTLELEKEFH
TNHYLTRRRRIEMAHALCLT ERQIKIWFQNRRMKLKKEIQ AIKELNEQ
Cupiennius_salei Ubx2 RRGRQTYTRYQTLELEKEFH
TNHYLTRRRRIEMAHSLCLT ERQIKIWFQNRRMKLKKEAQ AIKELNEQ
Archegozetes_longisetosus Ubx RRGRQTYTRYQTLELEKEFH
TNHYLTRRRRIEMAHSLCLT ERQIKIWFQNRRMKLKKEIQ AIKELNEQ
Phalangium_opilio. AbdA RRGRQTYTRFQTLELEKEFH
FKQYLTRRRRIEIAHALCLT ERQIKIWFQNRRMKHKKEMR AVKEINEQ

Glomeris_marginata AbdA H FNHYLTRRRRIEIAHAFCLT

ERQIKIWFQNRRMKLKKELR AVKEINEQ
Porcellio_scaber AbdA 1 RRGRQTYTRFQTLELEKEFH
FNHYLTRRRRIEIAHALCLT ERQVKIWFQNRRMKLKKELR --------
Cupiennius_salei AbdA RRGRQTYTRFQTLELEKEFH

FNHYLTRRRRIEIAHALCLT ERQIKIWFQNRRMKLKKEMR AVKEINEQ

Lithobius_atkinsoni AbdA
LKKEMR AVKEINEQ
Strigamia_maritima_ AbdA RRGRQTYTRFQTLELEKEFH
FNHYLTRRRRIEIAHALCLT ERQIKIWFQNRRMKLKKEMR AVKEINEQ
Tribolium_castaneum AbdA RRGRQTYTRFQTLELEKEFH
FNHYLTRRRRIEIAHALCLT ERQIKIWFQNRRMKLKKELR AVKEINEQ
Centruroides_sculpturatus_abdA2 RRGRQTYTRFQTLELEKEFH

FNHYLTRRRRIEIAHALCLT ERQIKIWFQNRRMKLKKELR AVKEINEQ



Centruroides_sculpturatus_abdA1 RRGRQTYTRFQTLELEKEFH
FNHYLTRRRRIETAHALCLT ERQIKIWFQNRRMKLKKEIR AVKEINEQ
Glomeris_marginata_Scr ----- SYTRYQTLELEKEFH
FNRYLTRRRRIEIAHSLCLT ERQIKIWFQNRRMKWKKEHK LAHHLPPP
Phalangium_opilio_ Scr KRQRTSYTRYQTLELEKEFH
FNRYLTRRRRIEIAHALCLS ERQIKIWFQNRRMKWKKEHK MASTMPPQ
Cupiennius_salei Scrl KRQRTSYTRYQTLELEKEFH
FNRYLTRRRRIEIAHALCLS ERQIKIWFQNRRMKWKKEHK MASPIPPQ
Centruroides_sculpturatus_Scr2 KRQRTSYTRYQTLELEKEFH
FNRYLTRRRRIEIAHALCLS ERQIKIWFQNRRMKWKKEHK MANTVPPQ
Centruroides_sculpturatus_Scrl KRQRTSYTRYQTLELEKEFH
FNRYLTRRRRIEIAHALCLS ERQIKIWFQNRRMKWKKEHK MAN-----
Cupiennius_salei Scr2 KRQRTSYTRYQTLELEKEFH

FNRYLTRRRRIETAHALCLS ERQIKIWF

Lithobius_atkinsoni Antp H FNRYLTRRRRIEIAHALCLT
ERQIKIWFQNRRMKWKKENK AKLEGAGG

Strigamia maritima_Antp ------------- ELEKEFH FNRYLTRRRRIETAHALCLT
ERQIKIWFQNRRMKWKKENK AKLERAGG

Tribolium_castaneum_Scr KRQRTSYTRYQTLELEKEFH
FNRYLTRRRRIEIAHALCLT ERQIKIWFQNRRMKWKKEHK MASMNIVP

Porcellio_scaber Scr KRQRTSYTRYQTLELEKEFH

FNRYLTRRRRIETAHALCLT ERQIKI



Phalangium_opilio Antp KRGRQTYTRYQTLELEKEFH
FNRYLTRRRRIEIAHALCLT ERQIKIWFQNRRMKWKKENK AKLEAGLA
Centruroides_sculpturatus Antpl KRGRQTYTRYQTLELEKEFH
FNRYLTRRRRIEIAHALCLT ERQIKIWFQNRRMKWKKENK AKLEAGL-
Archegozetes_longisetosus Antp KRGRQTYTRYQTLELEKEFH
FNRYLTRRRRIEIAHALCLT ERQIKIWFQNRRMKWKKEIR TR------
Cupiennius_salei Antp KRGRQTYTRYQTLELEKEFH
FNRYLTRRRRIEIAHALCLT ERQIKIWFQNRRMKWKKENK AKEPAAGF
Porcellio_scaber Antp KRGRQTYTRYQTLELEKEFH
FNRYLTRRRRIEIAHALCLT ERQIKIWFQNRRMKWKKENK TKVENGNP
Tribolium_castaneum_Antp Ptl KRGRQTYTRYQTLELEKEFH
FNRYLTRRRRIEIAHALCLT ERQIKIWFQNRRMKWKKENK TKGEGGSE
Glomeris_marginata Antp KRGRQTYTRYQTLELEKEFH

FNRYLTRRRRIEIAHALCLT ERQIKIWFQNRRMKWKKENK AKIEAGVD

Lithobius_atkinsoni_ftz H FNRYLTRRRRIEIAHALGLT
ERQIKIWFQNRRMKAKKENK LQNGQTSP

Centruroides_sculpturatus Antp2 KRGRQTYTRYQTLELEKEFH

FNRYLTRRRRIEIAHAL---
Archegozetes_longisetosus Scr KRQRTSYTRYQTLXLEKEFH
FNRYLTRRRRIEIAHSLCLS ERQIKIWFQNRRMKWKKEH- --------
Tribolium_castaneum Dfd KRQRTAYTRHQILELEKEFH

YNRYLTRRRRIEIAHTLVLS ERQIKIWFQNRRMKWKKDNK LPNTKNVR



Cupiennius_salei Dfd KRQRTAYTRHQILELEKEFH
FNRYLTRRRRIEIAHALCLS ERQIKIWFQNRRMKWKKDNK LPNTKNVK
Cupiennius_salei Dfd2 KRQRTAYTRHQILELEKEFH
FNRYLTRRRRIEIAHALCLS ERQIKIWFQNRRMKWKKDNK LPNTKNVK
Phalangium_opilio Dfd KRQRTAYTRHQILELEKEFH
FNRYLTRRRRIEIAHALCLS ERQIKIWFQNRRMKWKKDNK LPNTKNVK
Centruroides_sculpturatus Dfd2 KRQRTAYTRHQILELEKEFH
FNRYLTRRRRIEIAHSLCLS ERQIKIWFQNRRMKWKKDNK LPNTKNVK
Centruroides_sculpturatus Dfd1 KRQRTAYTRHQILELEKEFH
FNRYLTRRRRIEIAHSLCLS ERQIKIWFQNRRMKWKKDNK LPNTKNVK
Archegozetes_longisetosus Dfd KRQRTAYTRHQILELEKEFH
FNRYLTRRRRIEIAHSLCLS ERQIKIWFQNRRMKWKKDN- --------
Lithobius_atkinsoni Dfd -------- RQQILELEKEFH FNRYLTRRRRIEIAHSLCLS

ERQIKIWFQNRRMKWKKDNK LPNTKNVR

Glomeris_marginata Dfd H FNRYLTRRRRIEIAHSLCLS
ERQIKIWFQNRRMKWKKDNK LPNTKNVR

Tribolium_castaneum_ftz KRTRQTYTRYQTLELEKEFH
FNKYLTRRRRIEIAESLRLT ERQIKIWFQNRRMKAKKDTK FTEQSVTS
Cupiennius_salei ftz KRSRQTYTRYQTLELEKEFH
FNQYLTRRRRIEIAHTLGLT ERQIKIWFQNRRMKAKKENK FPISSSNS
Centruroides_sculpturatus ftz2 KRTRQTYTRYQTLELEKEFH

FNRYLTRRRRVEIARMLSLT ERQIKIWFQNRRMKAKKE-- --------



Phalangium_opilio_ftz KRTRQTYTRIQTLELEKEFH
FNRYLTRRRRIEIAHSLGLT ERQIKIWFQNRRMKAKKETN LQPTASST
Archegozetes_longisetosus ftz KRTRQTYTRYQTLELEKEFH
FNRYLTRRRRIEIAHSLGLT ERQIKIWFQNRRMKAKKENK IKVDPNSA
Centruroides_sculpturatus ftzZ1 KRTRQTYTRYQTLELEKEFH

FNHYLTRRRRIEIAHSLGLT E

Phalangium_opilio Hox3 KRPRTAYTNNQLVELEKEFH
FNRYLCRPRRVELAAQLSLS ERQIKVWFQNRRMKYKKDSK SRGGGSIY
Porcellio_scaber pb RRLRTAYTNTQLLELEKEFH

FNKXLCRPRRIXXAASLDLT ERQVKVWF

Lithobius_atkinsoni_pb ----------- LLELEKEFH FNKYLCRPRRIEIAASLDLA
ERQVKVWFQNRRMKHKRQTM GKGSDDGG

Glomeris_marginata_pb H FNKYLCRPRRIEIAASLDLT

ERQVKVWFQNRRMKHKRQTV GKPGEDGA

Cupiennius_salei pp RRLRTAYTNTQLLELEKEFH
FNKYLCRPRRIEIAASLDLT ERQVKVWFQNRRMKHKRQTS VMKDDDKD
Tribolium_castaneum pb_mxp RRLRTAYTNTQLLELEKEFH
FNKYLCRPRRIETIAASLDLT ERQVKVWFQNRRMKHKRQTL GKQGDDGD
Centruroides_sculpturatus pbl RRLRTAYTNTQLLELEKEFH
FNKYLCRPRRIEIAASLDLT ERQVKVWFQNRRMKHKRQTM
MNKNDDKN

Phalangium_opilio pb RRLRTAYTNTQLLELEKEFH

FNKYLCRPRRIEIAASLDLT ERQVKVWFQNRRMKHKRQSL MTKNGDEK



Centruroides_sculpturatus pb2 RRLRTAYTNTQLLELEKEFH
FNKYLCRPRRIETAASLDLT ERQVKVWFQNRRMKHKRQSM
MNKNGEDK

Archegozetes_longisetosus pb RRLRTAYTNTQLLELEKEFH

FNKYLCRPRRIEIAASLDLT ERQVKVWFQNRRMKHKRQS- --------

END;

#NEXUS

BEGIN DATA;
DIMENSIONS NTAX=8 NCHAR=228;

FORMAT DATATYPE=DNA INTERLEAVE MISSING=-;

[DATASET S2: Nucleotide alignment of scorpion, spider, and harvestman labial

sequences. |

MATRIX
Phalangium_opilio_lab CCAACTTATAAATGGATGCA
AGTGAAAAGAAATGTTCCAA AACCAGGTTCGGGTCGGACA

AACTTTACGACGAAACAACT AACCGAACTCGAAAAAGAAT



Cupiennius_salei lab CCCACTTACAAATGGATGCA
AGTGAAAAGGAGTCTGCCGA AGCCAGGCTCCGGCCGGACA
AACTTCACAACCAAACAGCT TACAGAACTGGAAAAGGAGT
Centruroides_sculpturatus labl CCTACTTACAAATGGATGCA
AGTCAAGAGGAGCGCACCTA AACCAGGATCGGGGCGTACG
AATTTCACGACCAAACAGTT AACAGAACTTGAGAAAGAGT
Centruroides_sculpturatus lab2 CCTACCTACAAGTGGATGCA
GGTGAAAAGGAGTGTGCCCA AAACAGGAACAGGTAGGACC
AACTTTACAACAAAACAACT AACAGAACTCGAAAAAGAAT
Mesobuthus martensii labl CCTACTTATAAGTGGATGCA
AGTCAAGAGGAGCGCACCTA AACCAGGTTCGGGTCGAACC
AATTTTACAACCAAACAATT AACAGAACTGGAAAAAGAAT
Mesobuthus martensii_lab2 CCTACCTACAAGTGGATGCA
GGTGAAAAGGAGTGTGCCCA AAACAGGAACAGGTAGGACC
AACTTTACTACAAAACAACT AACAGAACTAGAAAAAGAAT
Parasteatoda_tepidariorum labl CCCACATTCAAATGGATGCA
AATTAAAAGGAGTGTACCTA AACCTGCTTCAGGAAGGACG
AATTTCAGCACAAAGCAACT GACTGAATTAGAAAAAGAAT
Parasteatoda_tepidariorum lab2 CCCACATATAAGTGGATGCA
AGTAAAACGAAGTGTTCCCA AGCCTGGAACGGGACGAACG

AATTTCACGACGAAACAGTT GACAGAACTCGAAAAAGAAT



Phalangium_opilio_lab TTCACTTTAACAAGTACCTG
ACCAGGGCCAGGCGAATCGA AATCGCCACCGCCTTGCAAT
TGAACGAGACGCAGGTCAAA ATATGGTTTCAAAATCGTCG
Cupiennius_salei lab TCCACTATAACAAATACCTG
ACACGAGCCAGGAGAATAGA GATTGCAACGGCTTTGCAGC
TCAACGAAACTCAAGTGAAA ATATGGTTTCAGAATCGAAG
Centruroides_sculpturatus_labl TTCACTTCAACAAATATTTG
ACGAGGGCAAGAAGGATCGA AATTGCCACCGCCCTTCAAC
TTAACGAGACTCAAGTGAAA ATCTGGTTCCAGAACAGGAG
Centruroides_sculpturatus lab2 TTCATTTCAACAAATATTTA
ACAAGAGCAAGGAGGATCGA AATAGCCACAGCTCTTCAAC
TAAATGAGACCCAAGTCAAG ATATGGTTCCAAAATAGAAG
Mesobuthus martensii_labl TTCATTTCAACAAATATTTG
ACGAGGGCAAGAAGGATCGA AATAGCCACAGCGTTGCAAC
TCAACGAAACTCAAGTCAAA ATTTGGTTCCAAAACAGGAG
Mesobuthus martensii_lab2 TTCATTTCAACAAATATCTA
ACAAGAGCAAGAAGGATCGA AATAGCTACAGCACTTCAAC
TAAACGAGACCCAAGTCAAG ATATGGTTCCAAAATAGAAG
Parasteatoda tepidariorum labl TTCATTTCCACAAATATCTA
AACCGGGCTCGTAGAATAGA AATAGCCTCTTCTCTTGGCC

TCAATGAAACGCAAGTGAAA ATTTGGTTCCAAAACAGGCG



Parasteatoda_tepidariorum lab2 TTCATTTTAACAAATACCTA
ACAAGAGCTAGGCGAATTGA AATTGCTACTGCTCTTCATT

TAAATGAGACACAAGTTAA-

Phalangium_opilio lab AATGAAACAAAAGAAACGTA TGAAAGAG
Cupiennius_salei lab GATGAAGCAGAAGAAGCGTA TGAAAGAG
Centruroides_sculpturatus labl AATGAAGCAGAAGAAGAGGA
TGAAAGAG

Centruroides_sculpturatus lab2 GATGAAGCAAAAGAAAAGAA
TGAAAGAG

Mesobuthus martensii_labl AATGAAGCAGAAGAAGAGAA TGAAAGAA
Mesobuthus martensii_lab2 GATGAAGCAAAAGAAAAGAA TGAAAGAG
Parasteatoda tepidariorum labl AATGAAAGCCAAGAAAAGGC

TAAAAGAC

Parasteatoda tepidariorum_lab2

END;

#NEXUS

BEGIN DATA;

DIMENSIONS NTAX=7 NCHAR=375;



FORMAT DATATYPE=DNA INTERLEAVE MISSING=-;

[DATASET S3: Nucleotide alignment of scorpion, spider, and harvestman

proboscipedia sequences. |

MATRIX

Centruroides_sculpturatus pbl GTACCGGAGTACCCATGGAT
GAAGGAGAAGAAGACCACGC GTAAGCAACACCAAGAGAAT
GGGATGCCACGACGTCTTCG AACTGCTTACACAAACACAC
Centruroides_sculpturatus pb2 GTCCCGGAATATCCTTGGAT
GAAAGAGAAGAAGACGACCA GAAAACCACACCAAGATAAT
GGGATGCCTCGTCGACTCCG TACAGCCTACACTAATACTC
Mesobuthus martensii pbl GTGCCGGAGTACCCATGGAT
GAAAGAGAAGAAGACCACGC GCAAGCAGCACCAAGAGAAT
GGAATGCCTCGTCGTCTTCG AACTGCTTATACGAACACAC
Mesobuthus martensii pb2 GTCCCGGAATATCCTTGGAT
GAAGGAGAAGAAGACGACCA GAAAACCACACCAAGATAAT
GGTATGCCTCGTCGTCTCCG CACAGCATACACTAATACTC
Cupiennius_salei pb --------------- TGGAT GAAGGAGAAGAAGACCACCA
GAAAGCAACAGCAAGACAAT GGTATGCCTCGACGACTACG

AACCGCATATACCAATACTC



Parasteatoda tepidariorum_pb --------------- TGGAT
GAAGGAGAAGAAAACATCTA NGAAACAGCATCAAGAAAAC
GGGATGCCTCGTCGCCTGAG GACTGCCTACACTAACACGC

Phalangium_opilio_pb

Centruroides_sculpturatus pbl AGTTGTTGGAACTGGAGAAG
GAGTTTCATTTTAATAAATA TCTGTGCAGACCCCGGAGGA
TAGAAATTGCAGCATCTCTG GATCTAACAGAGAGACAAGT
Centruroides_sculpturatus pb2 AGTTATTGGAACTGGAGAAA

GAATTCCATTTCAACAAATA TCTGTGCCGTCCCCGTCGCA

TTGAAATTGCTGCATCTTTG GATTTGACAGAACGCCAAGT
Mesobuthus martensii pbl AGTTATTGGAATTGGAGAAA
GAGTTTCATTTTAATAAATA TCTGTGCAGACCACGGAGGA
TAGAAATTGCAGCATCTCTG GACTTAACAGAAAGGCAAGT
Mesobuthus martensii pb2 AGTTATTGGAGTTGGAGAAA

GAATTCCACTTCAACAAATA CCTGTGCCGTCCCCGTCGTA

TTGAAATAGCTGCATCTTTA GATTTGACAGAACGACAAGT
Cupiennius_salei pb AGCTTTTAGAGCTGGAGAAA
GAATTTCATTTCAACAAGTA TCTATGTCGACCGAGGAGGA

TAGAAATTGCTGCAAGCCTC GATCTGACAGAGAGACAAGT



Parasteatoda_tepidariorum pb AGCTGCTAGAGCTGGAGAAG
GAATTCCACTTCAACAAATA TTTGTGTCGGCCGANGCGCA
TTGAAATTGCTGCTTCTCTT GACCTTACAGANCGTCAGGT

Phalangium_opilio_pb

Centruroides_sculpturatus pbl GAAGGTGTGGTTCCAGAATC
GTAGAATGAAACACAAGAGG CAAACTATGATGAACAAAAA
TGACGATAAGAATGGGGATG CGGGAAGTAGAACGCCCGAC
Centruroides_sculpturatus pb2 AAAGGTGTGGTTTCAGAATA
GAAGAATGAAACATAAACGA CAATCTATGATGAATAAAAA
CGGTGAAGATAAAAGTGACA ATGAGAGTATCAAAGACGTA
Mesobuthus martensii pbl GAAGGTGTGGTTCCAGAATC
GAAGAATGAAGCACAAAAGA CAAACTATGATGAATAAGAA
TGATGATAAAAATGGTGATG CAGGAAGCAGAACGCCAGAT
Mesobuthus martensii_pb2 GAAGGTGTGGTTTCAGAACA
GAAGAATGAAACATAAACGA CAATCTATGATGAATAAAAA
CGGCGAAGATAAAAGTGACA ATGAGAGCATCAAAGATGTA
Cupiennius_salei pbp GAAAGTATGGTTCCAGAACC
GTCGTATGAAGCACAAGAGA CAGACTTCTGTTATGAAGGA
TGACGATAAAGATGGGGTTG ACAGAAGTCTAGATAGTGAT

Parasteatoda tepidariorum pb CAAAGTCTGGTTCCAAAACC GCCGA---------




Phalangium_opilio_pb ------------ CCAAAATC
GGAGGATGAAGCACAAGAGA CAGTCTTTGATGACTAAGAA

CGGCGATGAAAAGGGTAGCG GACAGTCGATCGGGAGTCCC

Centruroides_sculpturatus pbl GGGGACCAGAGTAGCAACAG
CGGGACCAAAGAATGTACCT CGCTGCAGTCACCCGTGACG
GTGAGCTCTACACCG

Centruroides_sculpturatus pb2 GCTGATGAACGTTCAAGGAC
TCCAACAATCCAAACCGATA GTTTAAGTTCTTCGGATACA
GAAACACATCGCCCT

Mesobuthus martensii pbl GGGGACCAGAGTAGCAATAG
TGGGACCAAAGAATGTACCT CGCTTCAGTCACCCGTGACG
GTGAGTTCAACACCA

Mesobuthus martensii_ pb2 GTCGATGAACGATCAAGGAC
TCCAACAATTCAAACAGATA GCTTGAGTTCTTCGGATACA
GAAACACATCGACCA

Cupiennius_salei pp CACGGAATGCCCTCCCGAAC

GCCAGAACATTCGAACACAT CG

Parasteatoda tepidariorum pb
Phalangium_opilio pb TGTTCCGATCAGACTTCTAC
CAGCCAGGATGGATCGACGC CTCTTCATTCGCCATCGACG

CACGTACCTAGCTCA



END;

#NEXUS

BEGIN DATA;
DIMENSIONS NTAX=9 NCHAR=279;

FORMAT DATATYPE=DNA INTERLEAVE MISSING=-;

[DATASET S4: Nucleotide alignment of scorpion, spider, and harvestman

Deformed sequences. ]

MATRIX

Phalangium_opilio Dfd

................. GCGTACACGAGGCATC
Centruroides_sculpturatus Dfdl TACCCGTGGATGAAGAAAGT
ACACGTCAATTCAGCT---- -- AATGGGAACTTTTCGGGT
GTGGAACCAAAAAGACAGAG GACCGCTTATACTAGGCATC
Cupiennius_salei Dfd2 TACCCGTGGATGAAGAAAGT
CCACGTCGGCTCAGTTGCTG CCAATGGGAATTTCCCCGGA

GTTGAGCCGAAAAGGCAAAG GACGGCATACACTCGTCATC



Cupiennius_salei Dfdl TATCCCTGGATGAAGAAAGT
CCACAGCAATCCAGTG---- -- AATGGAAGCTTCCCAGGT
ATCGAACCGAAACGGCAGCG GACAGCCTACACGAGGCACC
Centruroides_sculpturatus Dfd2 TATCCCTGGATGAAGAAAGC
CCACGTGGGTACAGCT---G CAAATGGAAACTTTACTGGA
ATGGAACCTAAAAGACAGAG GACAGCGTACACTAGACATC
Parasteatoda_tepidariorum Dfdl TATCCATGGATGAGAAAAGT
TCATACAAATAATCCCGGTG TGAATGGAGTATATCCAGGC
CTTGAACCAAAACGACAACG AACTGCCTACACAAGACACC
Parasteatoda_tepidariorum Dfd2 TATCCCTGGATGAAAAAAGT
ACATGTTGGGACAGTTGCTG CCAATGGAAATTTCCCTGGA
GTAGAACCTAAAAGGCAAAG GACAGCCTATACTCGACACC

Mesobuthus martensii_Dfd2 G

CTAACGGGAACTTCTCCGGT GTGGAGCCAAAAAGACAAAG
GACCGCTTACACTAGGCACC
Mesobuthus martensii Dfdl TACCCGTGGATGAAGAAGGT

GCACGTCAATTCAGGT---- -- AAGGCGCGACCACGTGGC GTC-----------—---

Phalangium_opilio Dfd AGATTCTCGAGCTAGAAAAA
GAGTTCCATTTTAACCGGTA CCTGACTAGAAGACGACGGA

TTGAAATCGCTCACGCGCTC TGTTTATCCGAGAGGCAAAT



Centruroides_sculpturatus Dfdl AGATACTCGAACTGGAGAAA
GAATTCCATTTCAATCGCTA CCTGACGCGTAGGAGAAGGA
TCGAAATTGCTCACTCCCTT TGCCTGAGCGAACGACAGAT
Cupiennius_salei Dfd2 AGATTCTCGAGTTAGAGAAA
GAGTTTCACTTCAACCGGTA CCTTACACGGCGGCGACGCA
TCGAGATAGCGCACGCCCTC TGTCTCTCAGAAAGGCAGAT
Cupiennius_salei Dfdl AGATCCTCGAGCTAGAGAAG
GAGTTCCACTTCAATCGCTA CTTGACGAGACGGAGGCGGA
TCGAGATCGCTCACGCACTT TGTTTGTCCGAGAGACAGAT
Centruroides_sculpturatus Dfd2 AAATTTTAGAACTTGAAAAG
GAATTCCACTTCAACCGTTA CCTGACGCGGAGGAGAAGAA
TCGAAATAGCTCATTCCCTG TGTCTCAGTGAAAGGCAGAT
Parasteatoda tepidariorum Dfdl AAATTCTAGAACTCGAAAAA
GAGTTCCATTTCAACCGCTA CCTGACGCGGAGGAGACGAA
TCGAAATCGCCCATTCCCTC TGCCTTTCAGAAAGACAAAT
Parasteatoda tepidariorum Dfd2 AGATCCTAGAATTGGAAAAA
GAATTCCATTTCAACAGATA CCTAACTCGGCGAAGAAGAA
TAGAGATTGCTCACGCGTTA TGCCTCTCTGAAAGGCAGAT
Mesobuthus martensii Dfd2 AGATCCTAGAGCTGGAGAAA
GAATTTCACTTCAACCGATA TCTGACGCGCAGGAGAAGGA

TCGAAATCGCTCACTCGCTG TGTTTGAGCGAGAGACAGAT

Mesobuthus martensii_Dfd1




Phalangium_opilio Dfd TAAGATTTGGTTCCAAAATA
GGCGAATGAAATGGAAAAAG GACAATAAATTGCCTAATAC
CAAAAACGTCAAGAAAAAC

Centruroides_sculpturatus Dfdl TAAGATCTGGTTCCAAAACA
GGAGGATGAAATGGAAGAAG GACAACAAATTACCCAATAC
TAAGAACGTTAAGAAGAAG

Cupiennius_salei Dfd2 CAAAATATGGTTCCAGAACA
GACGAATGAAGTGGAAGAAG GACAATAAACTTCCCAACAC
AAAGAACGTCAAGAAGAAA

Cupiennius_salei Dfdl CAAAATCTGGTTCCAGAACA
GACGGATGAAGTGGAAGAAA GACAATAAACTTCCAAATAC
TAAGAATGTCAAGAAGAAA

Centruroides_sculpturatus Dfd2 AAAAATATGGTTTCAAAATA
GGAGAATGAAATGGAAAAAA GACAACAAATTACCGAACAC
GAAAAATGTTAAAAAG---

Parasteatoda tepidariorum Dfdl CAAGATTTGGTTTCAAAATA
GGCGGATGAAGTGGAAGAAA GACAATAAGCTACCAAATAC
AAAGAACGTGAAGAAGAAA

Parasteatoda tepidariorum Dfd2 CAAGATTTGGTTTCAGAATC
GAAGGATGAAATGGAAAAAA GATAATAAGTTACCAAATAC

GAAGAACGTCAAGAAGAAA



Mesobuthus martensii Dfd2 CAAGATATGGTTCCAAAACA
GGAGGATGAAGTGGAAAAAG GACAACAAGCTACCCAACAC
CAAGAACGTTAAGAAGAAA

Mesobuthus martensii_Dfd1

#NEXUS

BEGIN DATA;
DIMENSIONS NTAX=8 NCHAR=330;

FORMAT DATATYPE=DNA INTERLEAVE MISSING=-;

[DATASET S5: Nucleotide alignment of scorpion, spider, and harvestman Sex

combs reduced sequences. |

MATRIX
Phalangium_opilio Scr AACCCGCCGCAAATATATCC
TTGGATGAGGAAGGTTCACG TCGGACAAAATGGAGTCAAC

GCAATGGGCGAAACTAAACG CCAGAGAACGTCGTACACTC



Parasteatoda tepidariorum_ Scr AATCCTCCTCAGATTTATCC
CTGGATGAGAAAAGTTCATG TCGGGCAAAATGGTGTGAAC
TCCATGGGAGAAACAAAGCG CCAAAGAACATCCTACACCC
Cupiennius_salei Scrl ----- TCCTCAGATTTATCC
TTGGATGAGAAAAGTACACG TTGGGCAAAATGGTGTCAAT
TCAATGGGTGAGACGAAACG CCAAAGAACCTCGTATACTC
Cupiennius_salei Scr2 AACCCTCCCCAAATCTACCC
CTGGATGAGGAAGGTTCACG TCGGGCAAAATGGTGTGAAT
GCGATGGGCGAAACGAAACG CCAAAGAACGTCCTATACTC
Centruroides_sculpturatus Scr2 AATCCACCGCAGATTTATCC
ATGGATGAGGAAAGTTCACG TCGGTCAGAACGGCGTCAAC
GCTATGGGTGAGACAAAACG CCAGCGGACGTCATACACTC
Centruroides_sculpturatus_Scrl ACAACACCACAGATTTATCC
ATGGATGAGAAAAGTCCACG TCGGTCAAGACGGTGTCAAC

GCCATGGGTGAGACCAAGAG GCAGCGAACATCCTACACAC

Mesobuthus martensii_Scrl
ACGGTGTCAAC GCCATGGGTGAGACCAAGAG
GCAGCGAACATCCTATACAC

Mesobuthus martensii_Scr2 AATCCACCGCAGATTTATCC
ATGGATGAGGAAAGTTCACG TCGGTCAGAACGGCGTCAAC

GCTATGGGTGAGACAAAACG CCAGCGGACGTCATACACTC



Phalangium_opilio Scr GCTACCAAACTCTGGAATTG

GAAAAAGAGTTTCATTTCAA CCGTTACCTCACCAGGCGGA

GGAGGATCGAAATAGCCC--
Parasteatoda tepidariorum Scr GGTATCAAACATTGGAGCTC
GAGAAAGAGTTTGGTTTTAA CCGGTATTTAACCAGACGAC
GGCGGATTGAGATAGCTCAT GCCCTGTGTCTGACAGAAAG
Cupiennius_salei Scrl GATACCAGACCTTGGAGTTG
GAGAAAGAATTCCATTTCAA CCGGTACCTCACCCGACGAA
GACGAATTGAAATTGCGCAC GCCCTCTGCCTCAGCGAAAG
Cupiennius_salei Scr2 GATACCAGACGCTGGAGCTG
GAAAAAGAATTTCACTTCAA CCGGTATCTTACGAGGCGGC
GGAGGATCGAAATAGCACAC GCTCTATGCCTGTCCGAAAG
Centruroides_sculpturatus Scr2 GTTACCAGACCCTGGAGTTA
GAGAAGGAGTTCCACTTCAA TCGCTACCTGACTCGAAGGA
GGAGGATCGAGATAGCCCAC GCTCTTTGTCTAAGTGAAAG
Centruroides_sculpturatus Scrl GCTACCAGACTTTAGAATTG
GAGAAAGAGTTTCATTTCAA CCGTTATCTGACGCGGAGAA
GAAGGATAGAAATAGCTCAC GCTCTATGTCTATCTGAACG
Mesobuthus martensii_ Scrl GCTACCAGACTTTAGAATTG
GAGAAAGAGTTTCACTTCAA CCGTTATCTGACGCGGAGAA

GAAGGATAGAAATAGCTCAC GCTCTTTGTCTATCCGAACG



Mesobuthus martensii_Scr2 GTTACCAGACCCTGGAGTTA
GAGAAGGAGTTCCACTTCAA TCGCTACCTGACTCGAAGGA

GGAGGATCGAGATAGCCCAC GCTCTTTGTCTAAGTGAAAG

Phalangium_opilio_Scr

Parasteatoda_tepidariorum Scr ACAAATTAAAATC

Cupiennius_salei Scrl ACAGATCAAAATCTGGTTCC
AGAACCGGCGAATGAAGTGG AAAAAGGAGCACAAGATGGC
TTCACCCATACCCCCTCAAA TACCTCAGGTCATACCGGAT

Cupiennius_salei Scr2 ACAGATCAAGATCTGGTTC-

Centruroides_sculpturatus_Scr2 GCAGATCAAGATATGGTTTC
AAAACAGGAGAATGAAATGG AAGAAAGAACACAAGATGGC
TAACACGGTGCCACCTCAGA TACCTCAGGTGATGGCAGAT
Centruroides_sculpturatus_Scrl ACAGATCAAGATATGGTTTC
AGAATCGACGGATGAAATGG AAGAAAGAGCATAAGATGGC
CAACGCTGTGCCACCACAGA TACCTCAGATGATGCCAGAT
Mesobuthus martensii_ Scrl ACAGATCAAGATATGGTTTC
AGAATCGACGGATGAAATGG AAGAAAGAGCATAAGATGGC

CAACGCTGTGCCACCACAGA TACCTCAGATGATGCCAGAT



Mesobuthus martensii_Scr2 GCAGATCAAGATATGGTTCC
AAAACAGGAGAATGAAATGG AAGAAGGAGCACAAGATGGC

TAACACGGTGCCACCTCAGA TACCTCAGGTGATGGCAGAT

Phalangium_opilio_Scr

Parasteatoda tepidariorum_Scr

Cupiennius_salei_Scrl CACCTTCCTCACCACATGCA TGGCGAGACT

Cupiennius_salei Scr2
Centruroides_sculpturatus Scr2 CATCATCATCCTCACCATCT
ACACAGCGAG

Centruroides_sculpturatus Scrl CATCATCACCATCTTCACAA
TGAAACCAAA

Mesobuthus martensii_ Scrl CATCATCACCATCTTCACAA TGAAACCAAA

Mesobuthus martensii_Scr2 CACCACCATCCTCACCATCT ACACAGCGAG

END;

#NEXUS

BEGIN DATA;
DIMENSIONS NTAX=8 NCHAR=699;

FORMAT DATATYPE=DNA INTERLEAVE MISSING=-;



[DATASET S6: Nucleotide alignment of scorpion, spider, and harvestman

Antennapedia sequences. |

MATRIX
Parasteatoda_tepidariorum_Antpl TACCTTACAGACATCCGCCA
ACGTCAGTACATGCAGCCTC AGTACGCTTCTTCGCCAGTA

CAAGGGGCGACTTACCCCCG GTTTCCACCTTACGACAGAC

Phalangium_opilio_Antp

Cupiennius_saleiAntp

Parasteatoda_tepidariorum_Antp2 TACCTTACAGACATCCGCCA
ACGTCAGTACATGCAGCCTC AGTACGCTTCTTCGCCAGTA

CAAGGGGCGACTTACCCCCG GTTTCCACCTTACGACAGAC

Mesobuthus martensii_Antpl

Mesobuthus martensii_Antp2 TATCTTCCGGATATAAGGCA

GAGACAGTACTTGCAACCTC AATATGCATCGTCGCCCGCG
CAAGGTGCAACCTATCCTCG ATTTCCACCGTACGATCGAC
Centruroides_sculpturatus Antpl TATCTGACGGACCTGAGACA
GAGACAGTATCTTCAACCTC AATATGCATCATCACCAGCC

CAAGGTGCCACTTATCCACG CTTTCCACCATATGACCGAT



Centruroides_sculpturatus Antp2 TACCTCCCGGATATACGACA
AAGACAGTACCTTCAACCCC AATACGCATCATCTCCAGCT

CAAGGTGCTACATACCCACG TTTCCCACCTTACGATCGAT

Parasteatoda tepidariorum Antpl TGGAAATACGACCTATCTCC
CAAAGCCCACCAGGACACTA TTACCAATCTCAGGGCAACA

TGCCCCAACCGGCACATCAG ACACCACAACACACACCTTT

Phalangium_opilio_Antp

Cupiennius_saleiAntp

Parasteatoda tepidariorum Antp2 TGGAAATACGACCTATCTCG
CAAAGCCCACCAGGACACTA TTACCAATCTCAGGGCAACA
TGCCCCAACCTGCACATCAG ACACCGCAACACACACCTTT

Mesobuthus martensii_Antp1

Mesobuthus martensii_Antp2 TAGAAATTAGGCCCATCTCA
CCGAGCCCTCCAGGGCAGTA TTATCAACAACCACCTTCGC
ATCCTCAG------ CAGCAG CAACAACAACAGGCACCACT
Centruroides_sculpturatus Antpl TGGAAATTCGTCCCATATCT
CCAAGTCCCCCCGGGCATTA TTATCAGCAGCCA------- --

CCAGGTCCCATGCCACCA CAACCTCAGCATGCACCACT



Centruroides_sculpturatus Antp2 TAGAAATTAGGCCCATCTCC
CCGAGCCCACCTGGTCAATA TTATCAACAGCCACCTTCTC

ATCCTCAGCAGCAGCCACAA CAACAACAACACGCACCACT

Parasteatoda_tepidariorum_Antpl AACACATCCTAACGCCTATG
TACCACAGGATGGTCAGAAC TGTAGGGGCTCCCCGACGGA
AAGTTGCAAACTTCAACAGC AACCGGTACATCGGCCTGTG
Phalangium_opilio_Antp ---------- AACAATTACG

TTCCTCAGGACGCGCAGAAC TGTCGGGGTTCCCCCAACGA

TAGTTGCAAAATGCAACAGG GACCGGTCAACCGGGGAGGG

Cupiennius_saleiAntp
---ATGCAGCAGC AGCAGGTTCACAGGCCCGTG

Parasteatoda_tepidariorum_Antp2 AACACATCCTAACGCCTATG
TACCACAGGATGGTCAGAAC TGTAGGGGTTCCCCGACGGA

AAGTTGCAAACTTCAACAGC AACCGGTACATCGGCCTGTG

Mesobuthus martensii_Antpl

Mesobuthus martensii_Antp2 CAATCATCCAAATGCATACG
TGCCACAGGATGGTCAGAAT TGCCGTGGATCACCTAATGG
CAGTTGCAAATTACAGGGGC AACAA------ CAGCCACAG
Centruroides_sculpturatus Antpl CACTCACCCGAACGCTTACG
TACCTCAGGATGGACAAAAT TGTCGTGGTTCTCCTAACGA

TAGTTGCAAGATGCAACAAC AACCTGTCCAGCGACCTTTG



Centruroides_sculpturatus Antp2 CAATCATCCCAATGCCTATG
TGCCGCAGGATGGTCAAAAT TGTCGTGGATCACCCAACGG

TAGTTGCAAATTACAGGGGC AACAA------ CAACCACAG

Parasteatoda tepidariorum Antpl AATCCGGATTGTGCTGCCAA
CAATATGCATCCGCAACACT GTCAAAGTCCTGTACATTCC
CCGAATCACGTACAACAACA GCCTCCCAATAACCAAGTTC
Phalangium_opilio_ Antp GTACCAGTCGATTGTCCGAA
CAACATTCACCAGCAG---T GTCAGAGCCCGGTTCACTCC
AACCCCGCCGTGGCTCAAGG AAACCCCGGCAACCCAGCTC
Cupiennius_salei Antp AACCCAGACTGTGCGGGCAA
TAACATGCACCCCCAGCATT GTCAAAGCCCTGTGCATTCG
CCAAATCATGTGCCACAGCA ACCACCGAATAACCAAGTTC
Parasteatoda tepidariorum Antp2 AATCCGGATTGTGCTGCCAA
CAATATGCATCCGCAACACT GTCAAAGTCCTGTACATTCC
CCGAATCACGTACAACAACA GCCTCCCAATAACCAAGTTC

Mesobuthus martensii_Antpl

Mesobuthus martensii_Antp2 ATGCAAGACTGTGGCCCTCC
TGCACCTCCACCGCCTCATT GTCAGAACCCATCGGCG---

CCAAATCATATGCACCAATC TAATCAAGCAAATCAATTAC



Centruroides_sculpturatus Antpl ACCTCTGACTGCCCACCTAA
CAACATGCACCAGGCCCCTT GCCAGAGTCCTGTACATTCT
CCCAACCACGTGACTCCCTC CAATCCCAACCAGCAGGTCC
Centruroides_sculpturatus Antp2 ATGCAAGACTGTGGTCCCCC TGCA---
CCTCCTCCTCATT GTCAGAATCCCACGGGG---

CCTAATCATATGCACCAATC CAATCAACCAAACCAACTAC

Parasteatoda tepidariorum Antpl AACCAGCTAGTGGTGGA--- ---
CCTAGTCCTTTGTATCC ATGGATGCGGAGTCAGTTTG
AGAGGAAACGTGGTCGGCAG ACCTACACTCGCTACCAGAC
Phalangium_opilio_ Antp AAACCCCCAACTCCGGATCT
TTACCCAGTCCGCTATACCC CTGGATGAGAAGTCAGTTTG
AAAGGAAAAGGGGTCGTCAA ACGTACACTCGTTACCAAAC
Cupiennius_salei Antp AGTCTCCGAGCGGAGGA--- ---
CCGAGTCCATTATATCC ATGGATGAGGAGTCAGTTCG
AAAGGAAAAGAGGGCGGCAA ACTTACACTCGTTACCAGAC
Parasteatoda_tepidariorum Antp2 AACCAGCTAGTGGTGGA--- ---
CCTAGTCCTTTGTATCC ATGGATGCGGAGTCAGTTTG
AGAGGAAACGTGGTCGGCAG ACCTACACTCGCTACCAGAC

Mesobuthus martensii_Antpl

G AACGAAAGCGCGGACGCCAG ACCTATACACGCTACCAGAC



Mesobuthus martensii_ Antp2 ACACGCAGACTTCCAGCACA
ATGCCTAGTCCTCTATATCC GTGGATGAGAAGTCAATTTG
AGAGGAAAAGAGGGAGGCAG ACTTATACCCGCTACCAAAC
Centruroides_sculpturatus Antpl AGCCTCCGAGCTCGGGCAAC
TTGCCAAGTCCACTGTATCC ATGGATGAGGAGTCAGTTTG
AACGAAAGCGCGGACGCCAG ACCTATACACGCTACCAGAC
Centruroides_sculpturatus Antp2 ACACGCAGACTTCGAGTACA
ATGCCTAGTCCTTTGTATCC ATGGATGAGAAGTCAATTTG

AAAGGAAAAGAGGGAGGCAG ACATACACCCGTTACCAAAC

Parasteatoda tepidariorum Antpl CCTTGAATTAGAGAAGGAAT
TTCATTTCAATCGCTACTTG ACGCGTCGGCGTCGGATCGA
GATCGCTCACACTCTCTGCT TGACGGAGCGACAGATCAAG
Phalangium_opilio_ Antp TCTGGAACTGGAGAAAGAAT
TTCACTTCAACCGATATTTA ACAAGACGGCGGCGGATTGA
AATAGCGCATGCGCTGTGCC TGACGGAAAGGCAGATAAAG
Cupiennius_salei Antp TCTAGAGTTAGAAAAAGAAT
TCCACTTCAACCGTTATCTT ACACGTAGACGCCGAATCGA
AATAGCACATGCCCTCTGCC TCACCGAGCGCCAGATCAAG
Parasteatoda tepidariorum Antp2 CCTTGAATTAGAGAAGGAAT
TTCATTTCAATCGCTACTTG ACGCGTCGGCGTCGGATCGA

GATCGCTCACACTCTCTGCT TGACGGAGCGACAGACCAAG



Mesobuthus martensii_ Antpl ATTGGAATTGGAGAAAGAGT

TCCACTTCAACCGCTATCTG ACGCGGAGAAGAAGGATAGA
GATAGCTCACGCTTTATGTC TAACGGAACGTCAGATCAAG
Mesobuthus martensii_Antp2 ACTGGAATTAGAGAAAGAGT

TCCACTTTAATCGATATTTA ACCCGGAGGAGAAGAATCGA
AATAGCCCACGCCCTTTGCT TAACCGAACGACAAATCAAG
Centruroides_sculpturatus Antpl ATTGGAATTGGAGAAAGAGT
TCCACTTCAACCGCTATCTG ACGCGGAGAAGAAGGATAGA
AATAGCTCACGCTCTATGTC TAACGGAACGTCAGATCAAG
Centruroides_sculpturatus Antp2 ATTGGAATTAGAGAAAGAAT
TCCACTTTAATCGATACTTA ACCCGGAGAAGAAGAATCGA

AATAGCTCACGCCCTTTGCT TAACCGAACGACAAATCAAG

Parasteatoda tepidariorum Antpl ATCTGGTTCCAGAACCGACG
CATGAAGTGGAAAAAAGAAA ACAAGTCAAAGATGGAAGCA
GGCCTAGTCATGGGACCTGG TGGCCCGGAATTGGTCCAC
Phalangium_opilio_ Antp ATCTGGTTCCAAAATCGGCG
GATGAAATGGAAGAAGGAAA ACAAAGCGAAACTAGAAGCC
GGATTGGCCATGGGTGCCAC GCCTCCCGAACTAACGCAT
Cupiennius_salei Antp ATCTGGTTCCAGAACAGAAG
GATGAAGTGGAAAAAGGAAA ATAAAGCTAAACCAGCAGCT

GGATTCATTATGGGAACA-- ------- GAACTGGTTCAC



Parasteatoda_tepidariorum Antp2 ATCTGGTTCCAGAACCGACG
CATGAAGTGGAAAAAAGAAA ACAAGTCAAAGATGGAAGCA
GGCCTAGTCATGGGACCTGG TGGCCCGGAATTGGTCCAC
Mesobuthus martensii Antpl ATATGGTTTCAGAATCGGAG
GATGAAATGGAAAAAAGAAA ATAAAGCTAAATTGGAAGCT
GGTCTGGCATTGGGACCAGC TCCTCCGGAACTAACACAC
Mesobuthus martensii_Antp2 ATATGGTTCCAAAACAGAAG
AATGAAATGGAAAAAAGAAA ACAAAGCTAAACTGGAAGCA
GGACTTTCTATGGGAGGCCC TACACCAGAATTAACACTC
Centruroides_sculpturatus Antpl ATATGGTTTCAGAATCGGAG
GATGAAATGGAAAAAAGAAA ATAAAGCTAAACTGGAAGCT
GGCCTGGCATTAGGGCCAGC TCCACCGGAACTAACACAC
Centruroides_sculpturatus Antp2 ATCTGGTTCCAAAACAGAAG
AATGAAGTGGAAAAAGGAGA ACAAAGCCAAACTGGAAGCG

GGACTTTCAATGGGAGGACC TACACCTGAATTAACACTG

END;

#NEXUS

BEGIN DATA;



DIMENSIONS NTAX=8 NCHAR=315;

FORMAT DATATYPE=DNA INTERLEAVE MISSING=-;

[DATASET S7: Nucleotide alignment of scorpion, spider, and harvestman

Ultrabithorax sequences. ]

MATRIX

Centruroides_sculpturatus Ubx2 CAAGCGCCAGCCAACGCTTT
CTATCCGTGGATGGCCATTG CA--------- GGTGCCAAC
GGTTTGCGAAGACGAGGTCG CCAAACCTACACACGTTACC
Centruroides_sculpturatus Ubxl CAAGTACCCACCAACGCATT
CTATCCCTGGATGGCTATCG CAGGTCTTAAAGGGGCAAAC
GGTTTAAGAAGGAGAGGAAG GCAGACATACACCCGATATC
Phalangium_opilio Ubx CAAACGCCAACCAACGCTTT
CTACCCCTGGATGGCCATCG CCGGTTTATTCCGCGCTAAC
GGTTTACGGCGTCGAGGACG ACAAACGTACACTCGGTACC
Parasteatoda tepidariorum Ubx CAAACTCAGAGCAACACATT
TTATCCATGGATGGCCGTAC AAGGTCCA--------- AAT
GGCATGAGGAGAAGAGGTCG CCAAACTTACACACGTTACC

Cupiennius_salei Ubx1 GCCAAC

GGACTGCGTCGCAGGGGCCG CCAGACCTACACCCGCTACC



Cupiennius_salei Ubx2 GCGGATAATTACAAGAAGCT
GTACGAAATATTGTGGCTTG AGAGTTATTATGGAGCCAAT
GGAGTCCGACGACGAGGTCG ACAAACGTACACCCGCTACC
Mesobuthus martensii Ubxl CAAGTGCCCACCAACGCTTT
CTATCCCTGGATGGCTATCG CA--------- GGAGCAAAT
GGTTTAAGAAGAAGAGGAAG ACAGACATACACCCGATATC

Mesobuthus martensii_Ubx2

GCTAAC GGTTTGCGAAGACGAGGTCG CCAAACCTACACACGTTATC

Centruroides_sculpturatus Ubx2 AAACCTTGGAGCTAGAGAAA
GAGTTTCATACCAACCATTA TCTGACACGGAGAAGAAGAA
TCGAAATGGCACACGCCCTA TGTCTAACAGAAAGACAGAT
Centruroides_sculpturatus Ubxl AAACCCTGGAATTAGAAAAA
GAGTTTCACACGAACCATTA TCTGACACGGCGAAGAAGGA
TCGAAATGGCACATGCCCTG TGTCTGACAGAACGACAGAT
Phalangium_opilio Ubx AAACGCTGGAATTGGAGAAG
GAATTCCACACGAACCATTA CCTCACTCGGAGACGAAGGA
TCGAGATGGCGCACGCGCTA TGCCTTACCGAGAGACAGAT
Parasteatoda_tepidariorum Ubx AGACTCTGGAACTAGAAAAA
GAATTCCACACCAATCATTA CCTAACACGAAGAAGACGGA

TTGAAATGGCGCATTCCCTT TGTTTAACAGAGCGCCAAAT



Cupiennius_salei Ubxl AAACCCTGGAGCTGGAGAAG
GAGTTCCATACCAATCACTA CCTGACCCGACGGAGACGCA
TTGAGATGGCCCACGCCCTT TGCCTCACCGAACGCCAAAT
Cupiennius_salei Ubx2 AAACTTTGGAACTCGAGAAA
GAGTTCCACACCAACCACTA CCTAACACGCCGTCGGAGAA
TCGAAATGGCCCACTCCCTG TGTCTCACCGAACGCCAAAT
Mesobuthus martensii Ubx]l AAACCTTGGAATTAGAAAAA
GAGTTTCACACGAACCATTA TCTGACACGGCGAAGAAGGA
TCGAAATGGCTCATGCCCTG TGTCTGACAGAACGACAGAT
Mesobuthus martensii Ubx2 AAACCTTGGAGCTGGAGAAA
GAGTTCCATACCAATCATTA TCTGACACGGAGAAGAAGAA

TCGAAATGGCACATGCTCTT TGCCTAACAGAAAGACAGAT

Centruroides_sculpturatus Ubx2 CAAGATATGGTTTCAGAATC
GAAGGATGAAACTGAAGAAA GAGATTCAAGCTATCAAAGA
GCTAAATGAACAAGAAAGAC AGGCACAGGCAGCTAAAGTA
Centruroides_sculpturatus Ubxl CAAGATCTGGTTCCAAAATA
GGAGGATGAAGTTGAAAAAA GAGATCCAAGCCATCAAAGA
ACTGAATGAACAAGAGAGAC AGTCCAAAGGATCTTCCCAA
Phalangium_opilio Ubx TAAAATATGGTTCCAAAATC
GACGGATGAAATTGAAAAAG GAAATTCAGGCCATCAAGGA

ACTCAACGAGCAGGAAAGAC AGGCGCAGGCCTCGAAGGTT



Parasteatoda tepidariorum Ubx TAAGATTTGGTTTCAGAATC
GGCGGATGAAATTGAAGAAA GAAATTCAGGCCATCAAAGA
ATTGAGTGAACAAGAACGCC AATCTCAACAAGCCAAGGCC
Cupiennius_salei Ubxl TAAGATTTGGTTCCAGAACC
GGAGGATGAAGCTCAAGAAA GAGATACAGGCCATCAAGGA
ACTCAACGAACAAGAGAGGC AAGCCCAGGCCGCTAAGCTG
Cupiennius_salei Ubx2 CAAGATATGGTTTCAGAACC
GGAGGATGAAGCTCAAGAAG GAAGCTCAGGCCATCAAAGA
GCTAAACGAACAAGAACGCC AGGCCCAAGCTGCAAAAACT
Mesobuthus martensii Ubxl CAAGATCTGGTTCCAAAATA
GGAGGATGAAGTTGAAAAAA GAGATCCAAGCCATCAAAGA
ACTGAATGAACAGGAGAGAC AGTCCAAAGGATCTTCCCAA
Mesobuthus martensii_Ubx2 CAAGATATGGTTTCAAAATC
GAAGGATGAAATTGAAGAAA GAGATTCAAGCTATCAAAGA

GCTAAATGAACAAGAAAGAC AAGCACAGGCAGCTAAAGTA

Centruroides_sculpturatus Ubx2 GCAGCACAACAGCAG
Centruroides_sculpturatus Ubxl GGGAACCAGAATCAA
Phalangium_opilio Ubx GTCTCCTCCCATAAT
Parasteatoda tepidariorum Ubx ACTACCACTGTATCA
Cupiennius_salei Ubxl GCCGCGCACCAAAAA
Cupiennius_salei Ubx2 GCCTCAACTTCGACT

Mesobuthus martensii Ubxl GGGAACCAGAATCAA



Mesobuthus martensii Ubx2 GCAGCACAACAGCAG

END;
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Table S1

Gene

Cscu-Antp-1

Cscu-Antp-2

Cscu-Ubx-1

Cscu-Ubx-2

Cscu-abdA-1

Cscu-abdA-2

Cscu-AbdB-1

Cscu-AbdB-2

Primer Name

Cscu_Antp1_for
Cscu_Antp1l_rev

Cscu_Antp2_for
Cscu_Antp2_rev

Cscu_Ubx1_for
Cscu_Ubx1_rev

Cscu_Ubx2_for
Cscu_Ubx2_rev

Cscu_abdA1_for
Cscu_abdA1l_rev

Cscu_abdA2_for
Cscu_abdA2_rev

Cscu_AbdB1_for
Cscu_AbdB1_rev

Cscu_AbdB2_for
Cscu_AbdB2_rev

Primer Sequence

CTCAGCATGCACCACTCACT
CAGGCCAGCTTCCAGTTTAG

TACCTTCAACCCCAATACGC
CAAAGGGCGTGAGCTATTTC

GTCGGCTCACGATACCACTT
CCTTGATTCTGGTTCCCTTG

ACCGCGTGCAAACTCTACTC
TGCAGATGCCTGATTGCTAC

GGCTGATATCGGTTCGTGTT
CAGCTGGGGTGTTTGAGAAT

GCCTTGTCTCCTCAGTCGTC
TTGCTCTGTTTGTCGTCGTC

GCCAAGAGAGTGACCGCTAC
CCCATCGTTTCTGTTTCGAT

CARACNTGGTGYAAYTA
GRAACCADATYTTNACYT

Amplicon Length

689 bp

635 bp

609 bp

615 bp

658 bp

600 bp

688 bp

408 bp



Table S2.

Order Species lab pb Hox3 Dfd Scr ftz Antp Ubx abdA AbdB
Acariformes Archegozetes longisetosus 1 1 1 1 1 1 1 1 0 1
Araneae Cupiennius salei 1 1 1 2 2 1 1 2 1 1
Araneae Parasteatoda tepidariorum 2 1 1 2 1 1 2 1 1 1
Opiliones Phalangium opilio 1 1 1 1 1 1 1 1 1 1
Scorpiones Centruroides sculpturatus 2 2 1 1 1 1 1 1 1 1
Scorpiones Mesobuthus martensii 2 2 1 2 2 1 2 2 1 1
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