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a b s t r a c t

Homeobox genes belong to a large gene group, which encodes the famous DNA-binding homeodomain
that plays a key role in development and cellular differentiation during embryogenesis in animals. Here,
one hundred forty-nine homeobox genes were identified from the Asian scorpion, Mesobuthus martensii
(Chelicerata: Arachnida: Scorpiones: Buthidae) based on our newly assembled genome sequence with
approximately 248 � coverage. The identified homeobox genes were categorized into eight classes
including 82 families: 67 ANTP class genes, 33 PRD genes, 11 LIM genes, five POU genes, six SINE genes, 14
TALE genes, five CUT genes, two ZF genes and six unclassified genes. Transcriptome data confirmed that
more than half of the genes were expressed in adults. The homeobox gene diversity of the eight classes is
similar to the previously analyzed Mandibulata arthropods. Interestingly, it is hypothesized that the
scorpion M. martensii may have two Hox clusters. The first complete genome-wide analysis of homeobox
genes in Chelicerata not only reveals the repertoire of scorpion, arachnid and chelicerate homeobox
genes, but also shows some insights into the evolution of arthropod homeobox genes.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Homeobox genes were first discovered in the fruit fly (McGinnis
et al., 1984; Scott and Weiner, 1984). They belong to a large gene
group which includes 11 classes (Holland et al., 2007). Homeobox
genes encode a highly conserved homeodomain. A homeobox is
usually 180 base pairs (bp) long and encodes 60 amino acids that
bind DNA (Bürglin, 1994, 2005). Homeobox genes play a key role in
development and cellular differentiation during embryogenesis in
simple and complex organisms.

The Hox cluster is a group of clustered homeobox genes, and
also usually named the Hox genes that play important roles in
pattern formation along the anterior-posterior body axis. They are
assembled in two groups: the Bithorax complex (BX-C) and the
@whu.edu.cn (W. Li), zjcao@
Antennapedia complex (ANT-C) in Drosophila melanogaster (see the
review in Heffer and Pick (2013)).

Recently, an increasing number of genomes of different species
have been sequenced, which provides the data for analyzing ho-
meobox genes on a genome-wide level. Genome-wide analysis of
homeobox genes has been completed for several animals and in-
dicates that 255 (plus 78 pseudogenes or unassigned) homeobox
genes were identified in human, 279 (plus 45 pseudogenes) in
mouse, 133 in amphioxus, and 92 in nematode (http://homeodb.
zoo.ox.ac.uk/).

In the phylum Arthropoda, the genome-wide analyses of the
homeobox genes of several model insects have recently been
completed. In the Mandibulata lineage of arthropods, the fruit fly
D. melanogaster has 104, the beetle Tribolium castaneum has 105,
and the honeybee Apis mellifera has 93 homeobox genes (http://
homeodb.zoo.ox.ac.uk/). The silkworm Bombyx mori was reported
to have 102 homeobox genes and was found to have a special group
of 12 tandemly duplicated homeobox genes located between Bmpb
and Bmzen, indicating that this Hox cluster had experienced a
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lineage-specific expansion in silkworms (Chai et al., 2008). Only
two genome sequences have been determined in Chelicerates,
Tetranychus urticae (2011) (Grbi�c et al., 2011) and Ixodes scapularis
(2010, unpublished). Furthermore, a partial survey of homeobox
genes was performed in T. urticae. The spider mite T. urticae was
found to contain 8 of the canonical 10 Hox genes. Among them, the
ftz gene is present in duplicate in two closely linked copies, but
orthologues of Hox3 and abdominal A (abdA) were not found (Grbi�c
et al., 2011). The morphological evolution of the segment loss in
mites is speculated to correlate with the loss of a Hox gene (Grbi�c
et al., 2011).

Known as “living fossils”, scorpions are one of the oldest ar-
thropods. Scorpiones is a basal lineage of Arachnida, and Arachnida
forms a major branch of Chelicerata. Their body is divided into
three parts (tagmata): the head (prosoma), the abdomen (meso-
soma) and the tail (metasoma). They have eight legs, two remark-
able claws (pedipalps), particular pectines, and a narrow
segmented tail ending with a venomous telson. The body
morphology of mites consists of an anterior prosoma and posterior
opisthosoma and is further distinguished by an extremely reduced
body plan. The body morphology and structure of T. urticae is
distinctly simpler than the scorpion. The unique morphological
structures of scorpions imply that they can be used as a model for
investigating the patterns, evolution and functions of homeobox
and Hox genes. Recently, Sharma et al. (2014) reported 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.

In this study, we characterized homeobox genes from the Mes-
obuthus martensii genome. Transcriptome data revealed the
expression profiles of the analyzed homeobox genes. In particular,
the structure of the Hox cluster was analyzed in detail in M. mar-
tensii.M. martensiiwas hypothesized to have two Hox clusters (Hox
A and Hox B). In total, we identified 149 homeobox genes, which
were grouped into eight classes, including 82 families. This is the
first complete genome-wide analysis of homeobox genes in Cheli-
cerata. The results not only show that the Chelicerata lineage
possibly has several patterns of Hox clusters, but also provide new
insight into the structure and evolution of Hox cluster genes in
arthropods.

2. Materials and methods

2.1. Identification and classification of homeobox genes

The new version of the scorpion M. martensii genome sequence
and predicted protein database (version 1.0 gene models: http://
lifecenter.sgst.cn/main/en/Scorpion-Suppl/gene-models-v1.0.gff.
zip) was used to search for homeobox genes, as in the previously
reportedmethods (Cao et al., 2013). Thewhole-genome sequencing
project and genome assemblies ofM. martensii are deposited in the
GenBank database under BioProject PRJNA171479. The complete
homeodomain protein sequences of 10 species, including human
(Homo sapiens), mouse (Mus musculus), chicken (Gallus gallus), frog
(Xenopus (Silurana) tropicalis), zebrafish (Danio rerio), amphioxus
(Branchiostoma floridae), nematode (Caenorhabditis elegans), fruit
fly (D. melanogaster), beetle (T. castaneum), and honeybee
(A. mellifera) were downloaded from HomeoDB (Homeobox Data-
base) (Supplementary file 1) (http://homeodb.zoo.ox.ac.uk/; Zhong
and Holland, 2011) and the HGR (National Human Genome
Research Institute) (NCBI). Homeodomain sequences from these
ten organisms (HomeoDB) were collected and used as queries for
BLASTP searches in the predicted protein database of the scorpion
M. martensii genome. Considering that some homeodomain se-
quences cannot be classified because of low identity with the
reported homeobox family members, we analyzed all blast results
with an identity value greater than 30%.

All of the retrieved candidate homeobox genes were further
validated using a program in the SMART database to identify
whether the protein sequences encoded by the candidate genes
contain homeodomains (same method as Chai et al. (2008)).
Candidate homeobox genes were further subjected to a detailed
manual survey, particularly those with truncated genome annota-
tions and atypical homeoboxes (NCBI, HomeoDB). The classification
scheme and nomenclature for the scorpion homeobox genes was
primarily based on the published descriptions (Holland et al.,
2007). All of the identified homeobox genes encode proteins con-
taining complete or partial homeodomain sequences. The pseu-
dogenes were not analyzed. Furthermore, we performed a scaffold
location analysis on homeobox genes in the scorpion M. martensii
genome to investigate the Hox clusters.

2.2. Sequence alignment and phylogenetic analysis

The 156 homeodomain sequences from 149 homeobox genes
resulting from BLASTP analysis of HomeoDB were aligned by
ClustalX 1.83. The alignment file was produced by DNAMAN
(highlight homology level � 33%). A phylogenetic tree of the scor-
pion homeodomain family was reconstructed using the maximum
likelihood (ML) algorithms implemented in Phyml 3.0 with the
100-fold bootstrap test after the best models were estimated by the
ProtTest 2.4 server (http://darwin.uvigo.es/software/prottest2_
server.html). The tree diagram was generated and edited using
FigTree (Version 1.40) and Mega (5.1).

2.3. Gene expression analysis

To determine the cDNA/ESTs available for each identified ho-
meobox gene, a local TBLASTN search was performed on tran-
scriptome data from the scorpion M. martensii using the 149
putative scorpion homeobox genes as queries. Those consistent in
the reciprocal TBLAST searches (identity value of homeodomain
regions > 95%) were considered cDNA/EST evidence.

3. Results and discussion

3.1. Identification and classification of homeobox genes from the
scorpion genome

We identified 149 homeobox genes from the scorpion genome,
which represents M. martensii homeobox genes (Fig. 1, and
Supplementary files 2&3). This is the first survey of scorpion Hox
genes. All of the identified homeobox genes were distributed on
134 contigs (Supplementary file 4). The gene expression of the
identified scorpion homeobox genes was analyzed using whole
transcriptome data from the scorpion M. martensii. Of the 149 pu-
tative scorpion homeobox genes, 121 have EST evidence. More than
80% (121/149) of the putative homeobox genes are transcribed in
the adult scorpion (Supplementary file 5).

Using the recently reported classification scheme as a reference
(Holland et al., 2007; Chai et al., 2008), we classified 143 of the 149
identified scorpion homeobox genes into eight classes that cover 82
families. The remaining six scorpion homeobox genes, MMa08570,
MMa03106, MMa18441, MMa32551, MMa11725 and MMa49726,
could not be assigned to a corresponding family based on the
current classification scheme. Phylogenetic relationships were
analyzed between the scorpion homeobox genes and their homo-
logs from beetle T. castaneum, honeybee A. mellifera, and human H.
sapiens genomes. Most of the identified scorpion homeobox genes
could form a monophyletic group with their homologs supported



Fig. 1. Diversity of homeobox members from the scorpion M. martensii. Phylogenetic analysis of all scorpion homeodomains was performed using the maximum likelihood (ML)
algorithms implemented by Phyml 3.0. Several classes are not recovered as monophyletic groups. Due to the short length of the sequence alignment and the complex modes of
evolution, this tree should not be used to infer accurate evolutionary history, but it is presented to demonstrate the diversity of the scorpion homeodomain sequences.
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by a high confidence bootstrap value. Detailed information about
the members of each class is given below (Supplementary file 2).

3.1.1. The ANTP homeobox class
The ANTP class was named after the Drosophila homeotic gene

Antennapedia, which was further divided into two subclasses, the
HOXL subclass and NKL subclass (the contents of these subclasses
followed HomeoDB. Sixty-seven homeobox genes were identified
as belonging to the ANTP class in the scorpion M. martensii and
were categorized into 34 families (Figs. 2 & 3, and Supplementary
file 2). The HOXL subclass of M. martensii was composed of 27
genes belonging to 11 families: Cdx (2), Evx (1), Gbx (3), Hox1 (2),
Hox2 (2), Hox3 (2), Hox4 (2), Hox5 (2), Hox6e8 (8), Hox9e13 (2)
and Mnx (1). All of these families are non-insect specific or verte-
brate specific. Members of this subclass could form a monophyletic
group with their homologs from other genomes (Fig. 2). The NKL
subclass ofM.martensii includes 40 genes belonging to 24 families:
Abox (1), Barhl (2), Bari (1), Barx (1), Bsx (1), Dbx (2), Dlx (1), Emx
(3), En (1), Hhex (1), Hlx (1), Lbx (2), Msx (5), Msxlx (1), Nk1 (2),
Nk2.1 (2), NK2.2 (2), NK 4(1), NK5 (2), NK6 (2), NK7 (2), NK8 (1),
Noto (1) and Tlx (2). Among the NKL subclass, four families, Abox,
Bari, Msxlx and NK7, are found in insects, mollusks and nematodes.
Members of this subclass from the scorpion M. martensii genome
form a monophyletic group with their homologs from other ge-
nomes (Fig. 3). In total, the number of scorpion ANTP class genes
closely approximates those of chicken and amphioxus and is
greater than those of insects and nematode but less than those of
human, mouse, zebrafish and frog (Supplementary file 1).

3.1.2. The PRD homeobox class
The PRD class was named after the D. melanogaster paired gene,

and includes most of the Pax genes and many non-Pax gene fam-
ilies. Thirty-three homeobox genes were identified as belonging to
the PRD class, covering 19 families (Supplementary file 6 (A)).



Fig. 2. Maximum likelihood phylogenetic tree of the HOXL subclass (belonging to ANTP class) homeodomains from scorpion, beetle and honeybee. The maximum likelihood tree
was generated using Phyml (version 3.0) and rooted with Eve genes (Evx family).
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Almost all members of this class formed amonophyletic groupwith
their homologs from other animal groups (such as beetle and hu-
man). The PRD class is further divided into two subclasses, PAX and
PAXL, based on whether it possessed a conserved paired-box (Chai
et al., 2008). We found five members belonging to the PAX subclass
in the scorpion genome. All 5 members are categorized into 2
families: Pax3/7 (2) and Pax4/6 (3). The PAX genes did not segre-
gate into a single group in the phylogenetic tree. The PAXL subclass
contains 17 families in the scorpion M. martensii, including Arx (3),
CG11294 (1), Dmbx (1), Drgx (2), Gsc (1), Hbn (1), Otp (2), Otx (2),
Phox (2), Pitx (2), Prop (2), Prrx (1), Rax (1), Repo (1), Shox (1), Uncx
(2) and Vsx (2). Among these 17 families, three families (CG11294,
Hbn, and Repo) are found in the scorpion M. martensi and some
insects. Amphioxus, B. floridae has Repo (Takatori et al., 2008).
Because no corresponding vertebrate homologous genes were
identified. The result implies that these families may play an
important role in the development of invertebrates. In total, the
number of scorpion PRD class genes approximates those of chicken,
frog, amphioxus and fruit fly and is greater than those of the beetle,
honeybee and nematode but less than those of the human, mouse
and zebrafish (Supplementary file 1).

3.1.3. The LIM homeobox class
The LIM homeobox class genes encode proteins with two LIM

domains and a homeodomain with several diagnostic amino acid
residues (Holland et al., 2007). We found a total of 11 homeobox
genes belonging to the LIM class in the scorpion genome. All of
these genes formed a monophyletic group with their homologs
from beetle and human in a family-group manner (Supplementary
file 6 (B)). These 11 homeobox genes are categorized into 6 families:
Isl (1), Lhx1/5 (2), Lhx2/9 (3), Lhx3/4(2), Lhx6/8 (2), and Lmx (1).
Most of the genes identified in this class encode proteins containing
both the homeodomain and one or more LIM domains, and the few
without LIM domains are putatively partial genes. The number of
LIM class genes in the scorpion M. martensii approximates those of
human, mouse, chicken and frog and is greater than those of
amphioxus, fruit fly, beetle, honeybee and nematode but less than
that of zebrafish (Supplementary file 1). None of these organisms
have more than 20 genes in this class.

3.1.4. The POU homeobox class
The POU class proteins possess a 60 amino acid homeodomain

and 75 amino acid N-terminal POU domain. Five POU homeobox
class candidate genes were discovered in the scorpion genome and
belong to four families (Pou2, Pou3, Pou4 and Pou6). As shown in
Supplementary file 6 (B), each member formed a monophyletic
group with their beetle and human homologs. The number of
members in the POU class from the scorpion genome is the same as
that of fruit fly, similar to those of chicken, amphioxus, beetle,
honeybee and nematode, and less than those of human, mouse,
frog and zebrafish (Supplementary file 1). In these animals, there
are no more than 20 genes in this class.



Fig. 3. Maximum likelihood phylogenetic tree of the NKL subclass (belonging to ANTP class) homeodomains from scorpion, beetle and honeybee. The maximum likelihood tree was
generated using Phyml (version 3.0) and rooted with Inv/En genes (En family).
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3.1.5. The SINE homeobox class
We identified six SINE class homeobox genes in the scorpion

M. martensii genome. These six genes were further categorized into
four families, including three known families (Six1/2, Six3/6 and
Six4/5) and one new family (Six 7). The Six1/2 and Six3/6 families
each have two members, and the Six4/5 family has one member in
M.martensii. As shown in Supplementary file 6 (B), each member of
Six1/2, Six3/6 and Six4/5 families formed a monophyletic group
with their homologs from beetle and human. We named it as the
single member of a new family: Six 7. In total, the diversity of the
SINE class homeobox genes in the scorpion genome is the same as
those of human, mouse and frog, similar to that of nematode,
greater than those of chicken, amphioxus, fruit fly, beetle and
honeybee, and less than that of zebrafish (Supplementary file 1).

3.1.6. The CUT homeobox class
The CUT class consists of three families (Onecut, Cux and Cmp)

in invertebrates (Chai et al., 2008). Onecut and Cux familymembers
are reported to encode proteins with a homeodomain and one or
more 75 amino acid DNA-binding CUT domains, while members of
the Cmp family encode proteins lacking the CUT domain (Chai et al.,
2008). Three members of the CUT class were previously identified
in the silkworm genome and each member belonged to one family:
Cmp (1), Cux (1) and Onecut (1) (Chai et al., 2008). The CUT gene
diversity in amphioxus and sea urchins was recently analyzed
(Takatori et al., 2008; Cameron et al., 2006). This study reveals five
members of the CUT class in the scorpion M. martensii genome:
Cmp (1), Cux (2) and Onecut (2). As shown in Supplementary file 6
(B), members of the Onecut and Cux families grouped together, but
the Cmp family did not, which is consistent with previously re-
ported results (Holland et al., 2007; Chai et al., 2008). Due to their
partial sequences, we only found the homeodomain for these genes
and did not find their CUT domains. Each member formed a
monophyletic group with their homologs from beetle and human.
The number of the CUT class genes in the scorpion M. martensii is
similar to those of human, mouse, chicken, frog, amphioxus and
nematode, greater than those of fruit fly, beetle and honeybee, and
less than that of zebrafish (Supplementary file 1). Similarly, all of
the analyzed animals have no more than 10 genes in this class.

3.1.7. The TALE homeobox class
The TALE class includes six gene families: Irx, Meis, Mkx, Pbx,

Pknox, and Tgif (Holland et al., 2007). Several of these gene families
also have conserved domains outside the homeodomain, including
the IRO domain, MEIS domain, and MKX domains (Holland et al.,
2007). This study shows that 14 scorpion homeobox genes belong
to the TALE class, which covers all six gene families of this class. The
Irx family of M. martensii consists of six members, and the three
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other families (Meis, Pbx, and Tgif) have two members each. The
Mkx and Pknox families have only one member each
(Supplementary file 2). Three members of the Irx family,
MMa19657, MMa19660 and MMa19666, are tandemly arranged in
Contig317529, while the other three members of this family,
MMa50880, MMa50881, and MMa50884, are similarly tandemly
arranged in Contig350484 (Supplementary file 4). All of the 6
mirror genes encode proteins containing both the homeodomain
and one IRO domain (Supplementary file 2). As shown in
Supplementary file 6 (B), members of the TALE class formed a
relatively independent group in the phylogenetic tree. In total, the
gene diversity of the TALE class in the scorpion genome is similar to
those of chicken and frog, greater than those of amphioxus, fruit fly,
beetle, honeybee and nematode, and less than those of human,
mouse, and zebrafish (Supplementary file 1).
3.1.8. The ZFH homeobox class
Genes in the zinc finger (ZF) class, also called the ZFH class,

encode proteins with homeodomain and zinc finger (Znf) motifs.
The ZF class includes five families: Adnp, Zfhx, Zeb, Zhx/Homez, and
Fig. 4. Multiple sequence alignments of 20 Hox cluster members from the genome of the sc
member pair shares high homology, but they are also different distinctly.
Tshz (Holland et al., 2007). The scorpion M. martensii genome has
twomembers of the ZFH class, and the number is similar to those of
the fruit fly D. melanogaster and the silkworm B. mori. Both mem-
bers belong to the Zfhx family: one encodes a protein containing 32
Znf domains and four homeodomains, and the other encodes a
protein containing 14 Znf domains and four homeodomains. As
previously reported in B. mori and B. floridae (Chai et al., 2008;
Takatori et al., 2008), phylogenetic analyses of scorpion homeo-
domain sequences from the ZFH class did not form a monophyletic
group (Supplementary file 6 (B)). In total, the scorpionM.martensii
has an identical number of members (2) in the ZFH class, which is
the same as those for fruit fly, beetle, and nematode. The honeybee
has only one member identified, and the amphioxus, human,
mouse, chicken, frog, and zebrafish have 5, 14, 14, 11, 14, and 17,
respectively (Supplementary file 1). The ZFH class has a diverse
number of members in animals.
3.1.9. The other homeobox classes
We did not find any members of the CERS, HNF, and PROS

classes in the scorpion genome, whereas they have been
orpion M. martensii. Each of ten Hox cluster members has two copies. Each Hox cluster



Fig. 5. A maximum likelihood phylogenetic tree of Hox cluster member homeo-
domains from scorpion, beetle and honeybee. The maximum likelihood tree was
generated using Phyml (version 3.0) and rooted with Abd-B genes (Hox9e13 (15)
family).
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extensively identified in insect and vertebrate genomes. As shown
in Supplementary file 2, six homeobox genes (MMa08570,
MMa03106, MMa18441, MMa32551, MMa11725 and MMa49726)
that do not group with any established class were identified in our
analyses. MMa32551 encodes a protein containing five Znf domains
and one homeodomain, named MMaZfhl (MMaZfh-like). As shown
in Supplementary file 6 (B), although Dbxl (49aa), Hopxl (52aa),
Hmboxl1 (46aa) and Hmboxl2 (42aa) were partial proteins, they
formed two monophyletic groups; thus, we infer that they belong
to two new families.

The sum of the homeobox genes in the scorpion M. martensii
genome is medium sized (149), which is the same as that for
chicken (G. gallus), similar to that for amphioxus (B. floridae) (133),
greater than those of fruit fly (D. melanogaster) (104), beetle (T.
castaneum) (105), honeybee (A. mellifera) (93) and nematode (C.
elegans) (92), and less than those of human (H. sapiens) (255),
mouse (M. musculus) (279), zebrafish (D. rerio) (315) and frog (X.
tropicalis) (238) (Supplementary files 1&2). Together, this analysis
reveals the homeobox gene profile of the scorpionM.martensii and
the first complete genome-wide analysis of homeobox genes in
Chelicerata, which expands the homeobox gene repertoire of che-
licerates and arthropods. Our analysis provides a valuable resource
for addressing the evolution of homeobox genes in arthropods and
animals.

3.2. Identification of the scorpion Hox cluster and its comparison in
animals

3.2.1. Identification of the scorpion Hox cluster
It is well known that Hox cluster genes play important roles in

pattern formation along the anterior-posterior body axis from
lower to higher animals. The canonical grouping of Hox genes in
arthropods and vertebrates is usually ordered as labial (lab) (Hox1
family), proboscipedia (pb) (Hox2 family), Deformed (Dfd) (Hox4
family), Sex combs reduced (Scr) (Hox5 family), Antennapedia (Antp)
(Hox6e8 family), Ultrabithorax (Ubx) (Hox6e8 family), abdominalA
(abdA) (Hox6e8 family), and AbdominalB (AbdB) (Hox9e13 (15)
family) (Dhawan and Gopinathan, 2005), with the exception of the
two “atypical” genes, Zerknüllt (Zen) (Hox3 family) and fushi-tarazu
(Ftz) (Hox6e8 family), which are identified in some animals.

InM.martensii, not onlywere all ten Hox cluster genes identified
in the genome, but they all also have two copies with more than
>95% identity (homeodomain region, see Fig. 4 and Supplementary
file 7). In addition, transcriptome analysis of an individual adult M.
martensii revealed that 18 of 20 copies of the ten Hox cluster genes
are transcribed (Supplementary file 5). Furthermore, scaffold
location analysis of the Hox cluster genes in the scorpion
M.martensii genome found that scaffold Contig352199 had five Hox
cluster genes ordered Pb2 (MMa55590), Zen2 (MMa55591), Dfd2
(MMa55595), Scr2 (MMa55596) and Ftz2 (MMa55597), and Con-
tig344663 had two Hox cluster gene ordered Ptl2/Antp2
(MMa46051) and scaffold Utx2/Ubx2 (MMa46055). Additionally, 11
scaffolds Contig225943, Contig279225, Con-
tig324889,Contig335670, Contig336016, Contig337815, Con-
tig343560, Contig344499, Contig351612, Contig352198 and
Contig352699 have one Hox cluster gene Abd-A1 (MMa06611),
Dfd1 (MMa11633), Ftz1 (MMa24497), Lab1 (MMa32532), Utx1/
Ubx1 (MMa34599), Pb1 (MMa35910), Abd-A2 (MMa41694), Ptl1/
Antp1 (MMa42999), Cx1/Scr1 (MMa52910), Lab2 (MMa55584),
and Zen1 (MMa55356), respectively (Fig. 6, and Supplementary file
4). Obviously, the number and organization of the Hox cluster genes
in M. martensii is different from its close relative the spider mite T.
urticae (8 canonical genes with the loss of Hox3 and abdA).
Together, these results suggested that M. martensii has two
paralogues of all Hox genes, which is a new evidence for cluster
and/or whole genome duplication in scorpions, consistent with the
research result on the scorpion C. sculpturatus reported recently
(Sharma et al., 2014). We hypothesized that there is more than one
Hox cluster in the scorpion M. martensii, and the duplicated Hox
genes are rather widespread in the chelicerates.

Phylogenetic analysis of the Hox cluster families from the
scorpion and ten species (HomeoDB) showed that almost all
members of the scorpion genes from the Hox 1 (Lab), 2 (Pb), 4 (Dfd),
5 (Scr), 6e8 (Abd-A, Ubx, Antp), and 9e13 (Abd-B) families formed
monophyletic groups with their homologs from insects
(Supplementary file 8). As shown in Fig. 5 and Supplementary file
8C & F, Ftz (family Hox 6e8) and Zen (family Hox 3) did not form
a monophyletic group with their homologs from beetle and hon-
eybee. In the D. melanogaster, the zen gene was also duplicated to
produce two genes: zen2 and bicoid. The Zen gene (zen1) was
duplicated to produce another homolog (zen2) in the beetle T.
castaneum. These data suggest that Ftz and Zen quickly evolve.

3.2.2. Comparison of the organization and structure of Hox clusters
in animals

It is well known that the linear organization of the homeotic
genes along the chromosome is correlated with the region of
function along the anterior-posterior axis of the animal (Heffer and
Pick, 2013). Hox genes located at the 30 end of the Hox complex
(e.g., labial) affect body structures in the anterior part of the em-
bryo, while genes at the 50 end of the complex (e.g., Abd-B) affect
the posterior region of the animal (Heffer and Pick, 2013). Their
colinear action reflects their anterior-posterior order of expression
along the embryonic body axis (Heffer and Pick, 2013).

Hox cluster genes are not conserved in all groups of animals
always, the number of Hox clusters and their gene duplications are
diverse in different organisms. Just one Hox cluster has been
identified in most insects (see the example in Chai et al., 2008;
Heffer and Pick, 2013), polychaetes (Heffer and Pick, 2013;
Frobius et al., 2008; Irvine et al., 1997), onychophorans (Grenier



Fig. 6. Duplication and divergence of Hox cluster genes from the different animal groups (Damen et al., 1998; Abzhanov et al., 1999; Jager et al., 2006; Manuel et al., 2006; Schwager
et al., 2007; Chai et al., 2008; Damen et al., 2010; Sharma et al., 2012). The gene contents were followed the references and not found throughout these clades. Horizontal line is not
the evidence for clustering along the chromosome. We hypothesized that there are two Hox clusters in scorpions, which is still confirmed in future work. The tree represents the
generally accepted arthropod relationships, as previously described (Regier et al., 2010; Shultz et al., 2007).
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et al., 1997), sea urchins (Cameron et al., 2006) and chelicerates
(Damen, 2010). Vertebrates usually havemore Hox clusters, e.g., the
two, three or four Hox clusters found in shark (chondrichthyes)
(Kim et al., 2000; Oulion et al., 2010), the four in sarcopterygian
vertebrates (HoxAeD) (Liang et al., 2011) and the seven or eight in
teleosts (Pascual-Anaya et al., 2012; Crow et al., 2006; Hoegg et al.,
2007). Most of these clusters are not complete.

There are some examples of the duplication and reduction of
Hox genes in chelicerates. Twenty-eight different small homeobox
gene fragments were found in the horseshoe crab Limulus poly-
phemus (Cartwright et al., 1993). Two copies of the Deformed (Dfd)
gene were identified in Achaearanea (spider) (Abzhanov et al.,
1999), and a duplicated Ultrabithorax (Ubx) gene was described in
Cupiennius (spider) (Damen et al., 1998). Nine Hox genes without
the abdA gene were recovered in Endeis spinosa, and a derived
sequence for an abdA gene was found in the sea spider Nymphon
gracile (Damen et al., 2010; Manuel et al., 2006). At least three Hox
genes (Ultrabithorax,Deformed and Sex comb reduced) are present as
two copies in the spider Cupiennius salei (Schwager et al., 2007).
The spider mite, T. urticae, contains an eight-gene cluster of the
canonical 10 genes with the ftz gene present in a duplicated for-
mation, but both the Hox3 and abdominal A (abdA) genes were lost
(Grbi�c et al., 2011).

Not onlywere all ten Hox cluster genes identified in the scorpion
M. martensii, but also each of the ten Hox cluster members has two
copies. Each Hox cluster member pair shares high similarity, but
they are also different. Importantly, the genomic sequence of
scaffold Contig352199 revealed five different Hox cluster genes that
are closely linked to each other. Our data imply a hypothesis that
the scorpion M. martensii has two complete Hox clusters (Fig. 6) in
its genome. It is difficult to determine the functional difference
between the two putative Hox clusters in M. martensii, but their
sequence differences and transcription pattern suggests that the
members of the two putative Hox clusters play roles in scorpion
development, which may be associated with their unique
morphological structures.

As shown in Fig. 6, although the duplication and deletion of Hox
cluster genes could be confirmed in some groups, they was re-
ported to have only one Hox cluster (or broken apart), like as spider
mites, ticks and the Mandibulata arthropods. Scorpions have not
just one ormore Hox cluster genes reproduced in situ, butmay have
two Hox clusters, which may be the first example of integrally
duplicated Hox clusters. Interestingly and coincidently, researchers
hypothesize that Cupiennius salei (spider) may have two Hox clus-
ters (Schwager et al., 2007).

In summary, as the first complete genome-wide analysis of
homeobox genes in Chelicerata, our work identified a complete set
of homeobox genes in the scorpion M. martensii (149 homeobox
genes belonging to eight classes covering 82 families). Combined
with the results of Sharma et al. (2014) that the scorpion C. sculp-
turatus has two paralogues of all Hox genes except Hox3, the
genome-wide analysis of homeobox genes from M. martensii sug-
gested that the scorpionM.martensiimay have two Hox clusters on
its genome, which is a new evidence for Hox cluster and/or whole
genome duplication in scorpions. Our work not only reveals the
repertoire of scorpion, arachnid and chelicerate homeobox genes
but also elucidates the evolution of arthropod homeobox genes.
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