Downloaded from http://rspb.royalsocietypublishing.org/ on February 17, 2015

PROCEEDINGS
THE ROYAL
SOCIETY

rspb.royalsocietypublishing.org

®

RESea rCh CrossMark

click for updates

Cite this article: Sharma PP, Schwager EE,
Extavour (G, Wheeler WC. 2014 Hox gene
duplications correlate with posterior
heteronomy in scorpions. Proc. R. Soc. B 281:
20140661
http://dx.doi.org/10.1098/rspb.2014.0661

Received: 19 March 2014
Accepted: 22 July 2014

Subject Areas:
evolution

Keywords:
Scorpiones, opisthosoma, Arthropoda,
bauplan, tagmosis

Author for correspondence:
Prashant P. Sharma
e-mail: psharma@amnh.org

Electronic supplementary material is available
at http:/dx.doi.org/10.1098/rsph.2014.0661 or
via http://rspb.royalsocietypublishing.org.

%’Royal Society Publishing

Hox gene duplications correlate with
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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
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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
frequencies (integers) and posterior probabilities (values < 1.00). (Online version in colour.)

(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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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

L990vL07 “L8T § 905y 0l bioBusiqndhposiedorgds: B


http://rspb.royalsocietypublishing.org/

Downloaded from http://rspb.royalsocietypublishing.org/ on February 17, 2015

(@)

Scorpiones
(scorpion)

(b)

Pycnogonida (sea spiders)
Xiphosura
Opiliones (harvestmen)

Ricinulei

Pseudoscorpiones

- Solifugae
Palpigradi

Parasitiformes

Acariformes (mites)

Scorpiones (scorpions)

Araneae (spiders)
Amblypygi
Schizomida

Uropygi

i 11— A1) |

S \1(]-2

e U Dx- 1

LTI LT | Ade 1
TR A DdB-2

o

N

e ot \06

oo0ono

%2,
B
2

o 0O
o 0O

E O OO O @B O O

mO
= O (|
oo oo
oo oo
ooooan

Oooooan

O O O o o @ O

oo oo

O O OO O O @B 0 B2

o I I S

O

OCoEEE®

Oooooooan

0O OO OO O O O O O O O 0%,

O O 8B O @B O O O 0O O @ O @~

Oooooooo

0O OO @B OO O O OOT DO O B%

OooooOooOooooOoaon

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)

labial —991.94
probos(lped/a e e
ot Cmmes i
e
. Ahfénhvdpédi('; e s
im0

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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