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SUMMARY The Hox gene family encodes homeodomain-
containing transcription factors involved in the patterning of
structures composed of repeated elements along the antero-
posterior axis of Bilateralia embryos. In vertebrate, Hox
genes are thought to control the segmental identity of the
rhombomeres, the branchial arches, and the somites. They
are therefore thought to have played a key role in the
morphological evolution of structures like the jaw, girdles, and
vertebrae in gnathostomes. Thus far, our knowledge about the
expression patterns of the Hox genes, the Hox code, has
been mainly restricted to osteichthyans species and little is
known about chondrichthyans. Recently, we identified 34
Hox genes clustered in three complexes (HoxA, HoxB, and
HoxD) in the dogfish (Scyliorhinus canicula) genome

suggesting that in sharks most, if not all, genes belonging
to the HoxC complex are lost. To gain insights
into the evolution of gnathostome Hox transcription, we
present here expression patterns along the anteroposterior
axis for all Hox genes known in the dogfish. A comparison
of these patterns with those of osteichthyans shows that
the expression patterns of the Hox genes in serially
homologous compartments such as the branchial arches,
the hindbrain, and the somites underwent only subtle changes
during the evolution of gnathostomes. Therefore, the nested
expression of Hox genes in these structures, the Hox
code, is a ground plan, which predates the morphological
diversification of serially homologous structures along the
body axis.

INTRODUCTION

More than 30 years ago Edward D. Lewis (1978) first des-

cribed the general features of homeotic (Hox) genes during

development in a founding review on the key role played by

the Bithorax-complex genetical units in Drosophila melanog-

aster. He described howDrosophila Hox genes are clustered in

a complex, control the identity of body segments, and act

along the anteroposterior axis in a spatial order that is col-

linear with their position within the complex. Moreover Lewis

suggested that the Hox gene family arose by duplication from

a common ancestral Hox gene and that different Hox genes

acquired divergent functions, accounting for the morpholog-

ical differentiation of the drosophila body plan (for historical

review see Duncan and Montgomery 2002a, b). In the fol-

lowing decade, sequencing of Drosophila Hox genes revealed

that they share a common DNA-binding domain encoded by

a highly conserved 180bp sequence called the homeobox. A

huge number of homeobox-containing genes were quickly

identified in a wide range of species (McGinnis et al. 1984;

Boncinelli et al. 1988) revealing that not only individual Hox

genes but also their clustered organization are conserved

among almost all Bilateralia leading to the hypothesis that

both traits are ancestral for bilateralian species (for a review see

Ferrier and Minguillon 2003; Carroll et al. 2005; Garcia-Fern-

andez 2005). Subsequently, the Hox genes of mammals and

Drosophila have been shown to have expression patterns that

follow the collinearity rule within each Hox complex: the closer

a gene is located to the 50 extremity, the more its expression is

restricted to the posterior part of the body (Duboule and Dolle

1989; Graham et al. 1989). Moreover, the spatial patterning of

Hox gene expression along the anteroposterior body axis of

mammals is correlated with their temporal order of activation:

the earliest activated paralogues are expressed more anteriorly

than the latest ones (Izpisua-Belmonte et al. 1991). Further

studies have confirmed a general correlation between the con-

servation of the collinear arrangement of Hox genes and the

conservation of the spatial and temporal collinearity of their
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expression that is probably due to sharing of regulatory se-

quences and/or to chromatin modifications or chromosome

looping (Tschopp et al. 2009 and references therein). However,

there are some examples of loss of temporal and/or spatial

collinearity in drosophilids, nematodes, and urochordates that

also exhibit both total or partial disorganization of their Hox

complex and rapid embryogenesis preventing the opportunity

for temporal collinearity to occur (Monteiro and Ferrier 2006).

Hox cluster phylogenomics is now quite well described in

chordates (Fig. 1) and supports Ohno’s hypothesis that sev-

eral rounds of whole genome duplication have occurred dur-

ing vertebrate evolution (Holland et al. 1994; Amores et al.

1998; Lemons and McGinnis 2006; Kuraku and Meyer 2009).

One Hox complex has been identified in amphioxus (Garcia-

Fernandez and Holland 1994) which therefore provides the

best out-group for the vertebrates, since the Hox cluster of

urochordata, the sister-group of vertebrates (Delsuc et al.

2006), is disorganized. Two to three Hox clusters have been

identified in lampreys, probably derived from the first round

of duplication before the divergence of extant vertebrate lin-

eages that created a protoHoxAB and a protoHoxCD com-

plex (Force et al. 2002; Irvine et al. 2002). A second round of

whole genome duplication probably arose after cyclostomes

divergence and before gnathostome diversification resulting in

the four Hox clusters found in sarcopterygians (Carroll 1995;

Koh et al. 2003), in the bichir and in other nonteleost act-

inopterygians (Crow et al. 2006). One or two additional

rounds of whole genome duplication, in some cases followed

by additional partial gene duplications and/or individual gene

losses, has given rise to seven to 13 Hox complexes in teleosts

(Amores et al. 1998; Crow et al. 2006; Mungpakdee et al.

2008). In contrast, the loss of an entire Hox complex has

probably occurred during the evolution of a chondrichthyan

lineage. The chimera (Callorhinchus milii) genome has re-

tained the canonical four Hox complexes (Ravi et al. 2009),

whereas in the dogfish (Scyliorhinus canicula) we have recently

identified 34 Hox genes clustered in three complexes (HoxA,

-B, and -D) suggesting that most, if not all, genes belonging to

the HoxC complex are lost in this species (Oulion et al. 2010).

This detailed phylogenomic knowledge contrasts with the

paucity of species in which Hox gene expression has been

described. This is particularly frustrating because early work

in the chicken and the mouse raised the hope of identifying an

embryonic Hox code (for a review see Kessel and Gruss 1990;

Burke et al. 1995) that could account major aspects of the

evolution of structures formed by repeated elements such as

the hindbrain, branchial arches, and somites. Further studies

in Danio rerio (zebrafish) (Prince et al. 1998a, b; Morin-Ken-

sicki et al. 2002) confirmed that osteichthyans share a com-

mon Hox nested patterning, or Hox code, in the neural tube

and somites. These results have been often generalized to all

vertebrates; however, as Hox expression patterns in the body

axis have only been partially characterized in lampreys (Cohn

2002; Takio et al. 2004, 2007) and sharks (Freitas et al. 2006,

2007; Kuraku et al. 2008; Sakamoto et al. 2009), detailed

expression analysis has only been available for osteichthyans

species and little is known about chondrichthyans. To gain

further insight into the evolution of the Hox code in the

gnathostome body axis, we have undertaken an exhaustive

analysis of the expression of the 34Hox genes we identified in

the dogfish focusing on their anterior limit of expression in the

branchial arches, rhombomeres, and somites. We show that

theHox patterning of the whole branchial region is conserved

in gnathostomes. Similarly, we show that the Hox code in the

hindbrain is shared between gnathostomes that have simple

hindbrain morphology, such as chondrichthyans and teleosts,

and gnathostomes, such as mammals, that have highly differ-

entiated hindbrain structures. Finally, we show that the Hox

code in the somitic mesoderm is similar in sharks that have

only two sets of vertebrae and in osteichthyan species that

have a highly differentiated vertebral column. Our results

therefore show that the Hox code was established before the

morphological differentiation of these three regions derived

from serially homologous developmental compartments.

MATERIALS AND METHODS

Collection and staging of dogfish embryos
S. canicula (Chondrichthyes: Scyliorhinidae) eggs were purchased

from the Station Biologique de Roscoff (France, CNRS, and

MNHN), and kept at 161C in oxygenated sea water. Embryos were

dissected in phosphate-buffered saline solution, staged according to

Ballard et al. (1993), and then fixed in 4% paraformaldehyde

(PFA) for 48h at 41C. Embryos were dehydrated and stored in

methanol at � 201C.

Dogfish Hox probes
We have identified 34 individual Hox genes clustered into three

complexes (HoxA, HoxB, and HoxD) in the dogfish genome

(Oulion et al. 2010). In order to avoid cross-hybridization due to

homeobox sequence conservation, the first exon of each Hox gene

was amplified from genomic DNA (supporting information Fig. S1

and Table S1) and cloned into the pGEM-T easy vector (Promega,

Lyon, France). Anti-sense RNA digoxigenin-UTP probes were

transcribed using SP6 or T7 RNA polymerases (Roche, Meylan,

France), according to the orientation of the insert in the plasmid.

Whole-mount in situ hybridization
In situ hybridizations on dogfish embryos were performed accord-

ing to standard methods with modifications described by Freitas

and Cohn (2004). Proteinase K treatments (10mg/ml) were adapted

for different embryonic stages: 15min at room temperature for

young embryos (before stage 20), 30min for older embryos. The

color detection step was performed using the NBT-BCIP reaction.

Embryos were postfixed in 4% PFA after whole mount in situ

hybridization, then cleared and stored in glycerol at 41C until

photographed.
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RESULTS

Using a genomic and transcriptomic approach, some of us and

other colleagues have recently identified 34 individual Hox

genes clustered in three complexes in the dogfish genome:

HoxA, HoxB, and HoxD (Oulion et al. 2010). We have an-

alyzed by in situ hybridization the expression pattern of these

34 Hox genes from onset of transcription until the end of

somitogenesis at about stage 30. We present here their

expression pattern at stages where Hox-expressing domains

have reached their definitive boundaries (from around stages

22–24), focusing on the three regions composed of repeated

structures where it has been demonstrated that vertebrate spe-

cies have independent Hox codes: (i) the rhombencephalon

and the spinal cord, (ii) the branchial arches (BA), and (iii) the

axial mesoderm forming somites (see Figs. 2 and 3). At these

stages, most of the Hox genes of S. canicula were expressed in

a continuous domain from their anterior limit of transcription

to the tip of the tail. However, Hoxb1 expression was detected

as a discrete domain in the hindbrain in addition to continuous

domains in the spinal cord and the mesoderm; the transcrip-

tion of Hoxd11 and genes belonging to the paralogue groups

(PGs) 12 and 13 was detected in the cloacal region in addition

to a continuous domain in the tail; Hoxd14 expression was

restricted to the cloaca. We localized the anterior limit of Hox

expression in the neural tube using the anterior border of the

flanking somite. Concerning the somites, we referred to the

anterior limit of Hox expression in the dorsal mesoderm

Fig. 1. Genomic organization of Hox
clusters in gnathostomes (gray area) with
amphioxus as an out-group. The Hox
organization is shown for two actinop-
terygians (zebrafish and bichir), two
sarcopterygians (mouse and coelacanth),
and two chondrichthyans (dogfish and
‘‘elephant shark’’ chimaera). The total
number of Hox genes is indicated in
brackets for each species. Individual Hox
genes are represented by arrows whose
orientation indicates the sense of the
transcription. For each group, loss of
Hox genes is indicated. As the dogfish
HoxC cluster is probably lost, it is rep-
resented by dotted lines. Stars indicate
whole genome duplication events.
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(sclerotome and myotome); the ventral limit in the lateral plate

mesoderm is given when different. As we determined these

limits from direct morphological examination, we cannot ex-

clude uncertainty of one or two somites in our measurements.

(1) PGs 1--4

The 12 dogfish Hox genes of PGs 1–4 (Hoxa1–4, Hoxb1–4,

and Hoxd1-4) showed an anterior boundary of expression

within the rhombomeres and pharyngeal arches (except for

Fig. 2. Whole mount in situ
hybridizations showing the
expression pattern of PGs
1–8 dogfish Hox genes at
about stage 23. (A–L) genes
belonging to PGs 1–4:
Hoxa1–4 (A–D), Hoxb1–4
(E–H), and Hoxd1–4 (I–L).
Gene names are indicated
in the lower left corner of
each panel. Anterior limits
of expression are shown in
the rhombomeres (r) and
in branchial arches (BA).
(M–U) genes belonging to
PGs 5–8: PG5 (M–O); PG6
(P–Q); PG7 (R–S); and
PG8 (T–U). Gene names
are indicated in the upright
corner of each panel.
Dotted lines show the ante-
rior limits of expression in
the axial mesoderm (white)
and in the neural tube
(black, according to the ad-
jacent somite level). Arrow:
localization of the cluster
of Hoxa1-expressing cells
in the ventral midbrain
(slightly out of focus).
Asterisks: expression in the
putative anlagen of the
posterior branchial pla-
codes and/or of the two
posterior branchial arches.
Scale bars: 400mm. ov, op-
tic vesicle; ot, otic placode,
s, somite.
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Hoxa1). Expression of these 12 genes started between stages

15 and 17 and was maintained throughout organogenesis

(Fig. 2A–L).

In the hindbrain, the following patterns of expression were

observed. Hoxa2 is the most rostrally expressed paralogue,

with an anterior boundary at the anterior limit of the second

rhombomere (r2) (Fig. 2B), the anterior limits of Hoxb2 and

Hoxd2 were found in r3 (Fig. 2, F and J).Hoxb3 showed very

weak expression and the anterior border corresponded to r4

(Fig. 2G). In the posterior hindbrain, bothHoxa3 andHoxd3

Fig. 3. Expression pattern of dogfish PGs 9–14 genes about stage 23 (whole mount in situ hybridizations): PG9 (A–C); PG10 (D–F); PG11
(G–H); PG12 (I); PG13 (J–L); and PG14 (M). Gene names are indicated in the lower left corner of each panel. Legends as in Fig. 2, except
(I–L): arrows indicate additional expression in the cloaca and/or the pelvic fin anlagen; and (M): asterisk indicates that the expression is
restricted to the cloaca. Scale bars: 400mm.
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were weakly expressed in r5 and more strongly expressed in

the posterior rhombomeres (Fig. 2, C and K). The most cau-

dally expressed Hox genes were the PG4 genes (Hoxa4,

Hoxb4, and Hoxd4), their anterior boundary was r7 and they

comapped withHoxd1 expression (Fig. 2, D, H, I and L). The

expression of all these genes (Hoxa2, Hoxa3, Hoxa4, Hoxb4,

Hoxd3, andHoxd4) was continuous from the anterior limit in

the hindbrain to the caudal tip, whereas, Hoxb1 showed a

discrete pattern. After being activated in the posterior half

hindbrain at about stage 15 (not shown), Hoxb1 expression

was restricted to r4 and the spinal cord (Fig. 2E). Hoxa1 ac-

tivation in the neural tube followed a similar pattern, but the

expression ceased in the hindbrain and maintained only in the

spinal cord and in a cluster of cells in the midbrain (Fig. 2A).

In the dogfish, the first branchial pouches form at stages 17

and 18. The four anterior branchial clefts open from stages 19

to 24, so that the four anterior branchial arches become in-

dividualized (BA1–4). At this stage BA5 is distinguishable,

but not BA6 and BA7, which are still partially fused. The last

branchial cleft opens at stage 25, while the buds of the gill

filaments start to protrude out of the second, third, and fourth

branchial clefts (Ballard et al. 1993). In our hands, there was

always high background signal after in situ hybridization

around the gill buds, so that we were unable to detect a bona

fide signal in BA6 and BA7 in whole mount embryos. We

therefore focused our analysis of Hox expression in BA1–

BA5. No Hox transcription was detected in the mandibular

arch (BA1). The anterior boundary of Hoxa2, Hoxb1, and

Hoxb2 expression was identified in the hyoid arch (BA2)

(Fig. 2, B, E and F), that ofHoxa3 andHoxb3 in BA3 (Fig. 2,

C and G), Hoxd1–4 in BA4 (Fig. 2, I–L), and Hoxa4 and

Hoxb4 in BA5 (Fig. 2, D and H). Hoxa1 was expressed as

early as stage 18 in a thickening of the lateral ectoderm of the

posterior branchial arch forming region. This signal appeared

as a loosely defined patch that progressively retracted to form

a crescent-shaped region located just behind BA5 (Fig. 2A).

This region may correspond to the anlagen of the posterior

branchial placodes (O’Neill et al. 2007), or alternatively, to the

forming BA6 or BA7.

(2) PGs 5--8

In the pharyngeal region, no expression was detected for the

PG genes 5–8 in the forming BA1–5 (Fig. 2, M–U). However,

we did detect a crescent-shaped signal posterior to BA5 with

Hoxa5, Hoxb5, or Hoxa6 probes (Fig. 2, M, N, and P). This

region may correspond to the forming BA6 or 7 or to the

anlagen of the branchial placodes. We cannot discriminate

between these two hypotheses, but we favor the latter because

Davis and Stellwag (2010) have recently reported that, in the

medaka, some PGs 5 and 6 genes are expressed in BA5 and 6.

The Hox5 genes were activated at stage 17, while PGs 6–8

Hox genes were activated during stage 18. For PG5 genes, the

anterior limit of gene expression appeared more anterior in

the neural tube than in the mesoderm. In the nervous system,

the anterior limit for the expression domain of Hoxb5 was at

the anterior border of somite 3 (s3), whereas in the mesoderm

it was detected at the anterior limit of s5 dorsally and of s7

ventrally. Hoxa5 and Hoxd5 anterior limit was at s5 in the

neural tube and was found in s9 and s7, respectively, in the

mesoderm (Fig. 2, M–O). With regard to PG6 genes, Hoxb6

was expressed anteriorly to Hoxa6 in both the mesoderm and

the neural tube. Hoxb6 was detected at the level of s5 in the

neural tube and at s8 in the mesoderm whereas Hoxa6 was

detected at the level of s7 in the neural tube and at s9 in the

mesoderm (Fig. 2, P and Q). In PG7, Hoxa7 and Hoxb7

displayed different domains of expression in both structures of

interest: the anterior boundary of Hoxa7 transcripts was

found in s8 in the neural tube and in s9 in the mesoderm

whereas Hoxb7 anterior limit of expression was at the level of

s6 in the neural tube and s10 in the mesoderm (Fig. 2, R and

S). With regard to PG8 genes, Hoxb8 anterior limit of

expression was detected in s7 in the neural tube

and in s12 in the mesoderm, whereas Hoxd8 was weakly

expressed from s13 in the spinal cord and from s11 in the

somites (Fig. 2, T and U).

(3) Posterior-group Hox genes

The expression of the posterior Hox genes (PGs 9–14) started

at the ventral tip of the tail bud and occurred sequentially

from stage 18 to stage 23: Hox9 and Hox10 at stage 18,

Hox11 at stage 19, Hox12 and Hox13 at stage 20, and Hox14

at stage 23, and therefore showed temporal collinearity.

In the neural tube the anterior limit of expression of

Hoxa9,Hoxb9, andHoxd9was detected at the level of s15, s9,

and s18, respectively, whereas in the mesoderm the anterior

limit of expression was observed in s14, s16, and s15 (Fig. 3,

A–C). The anterior limit of expression of the three Hox10

paralogues were identified in the same regions of the neural

tube, Hoxa10 and Hoxd10 were detected posteriorly to the

anterior borders of s28 and Hoxb10 at s29. In the mesoderm,

Hoxa10, and Hoxb10, and Hoxd10 shared the same anterior

limit of transcription, in s20 (Fig. 3, D–F). With regard to

PG11 genes, Hoxa11 was detected just posterior to the

s29/s30 border in the mesoderm and to s36/s37 in the neural

tube. Hoxd11 expression was slightly more posterior in the

mesoderm with an anterior limit at s39, whereas it was ex-

pressed at the level of s35 in the nervous system (Fig. 3, G and

H). Hoxd12 is the only member of PG12. Expression of this

gene was found in the cloaca region, the pelvic fin anlagen and

in the tail bud. In the tail bud, Hoxd12 was expressed pos-

teriorly to s42 in the neural tube and to s48 in the mesoderm

(Fig. 3I). Hoxb13 and Hoxd13 were strongly expressed in the

cloaca and the pelvic fin anlagen, and tail bud (Fig. 3, K and

L), whereas Hoxa13 expression was very weak in the cloaca
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and a strong signal was only detected in the distal end of

the tail bud posterior to the last forming somites (Fig. 3J).

Hoxb13 was first expressed in the ventral epithelium and

ventral mesoderm of the cloaca (stage 20, not shown). In the

following stages, it was maintained in this area and activated

in the tail bud extremity, caudally to the last forming somites

(Fig. 3K). From its initiation, Hoxd13 was expressed in both

the cloaca and mesoderm of the tail bud. In the mesoderm, it

was detected more anteriorly than the two other paralogues,

from s52, and unlikeHoxa13 andHoxb13 it was also detected

in the neural tube at s49 (Fig. 3L). Hoxd14, the only member

of PG14 in chondrichthyans, was expressed in the cloacal

region from stage 20 up to stage 26 (Fig. 3M).

DISCUSSION

In chordates, most of our knowledge about Hox gene func-

tion during development is from studies in the mouse (for a

review see Wellik 2009). Hox gene expression pattern and

genomic organization have been characterized in several other

osteichthyans such as chick and zebrafish, as well as in some

lineages that diverged before the diversification of osteichthy-

ans, such as lampreys, ascidians, and amphioxus (for a review

see Holland and Garcia-Fernandez 1996; Monteiro and

Ferrier 2006). As these three latter species do not have jaws,

girdles or morphologically differentiated vertebrae, expression

data from a chondrichthyan species is needed to better un-

derstand the evolution of these vertebrate morphological in-

novations. Until now, expression data has been available only

for few shark Hox genes: Hoxd9, Hoxd10, Hoxd12, and

Hoxd13, which are all expressed in embedded domains in the

trunk (Freitas et al. 2007), and Hoxd14 which is expressed in

the cloaca (Kuraku et al. 2008). In order to better understand

the role of Hox genes in morphological change of serially

homologous structures during gnathostome evolution, we

present here an exhaustive analysis of the expression of the 34

Hox genes that we have identified in the dogfish.

Evolution of the Hox code in the branchial arches

Segmental Hox gene expression in the branchial region is the

result of neural crest cell migration from the neural tube

(Hunt et al. 1991b; Trainor and Krumlauf 2001). In the dog-

fish, it is worth noting that we did not detect any Hox gene

expression in the first branchial arch (Fig. 2), which is con-

sistent with observations in other osteichthyans species (Hunt

et al. 1991a; Vieille-Grosjean et al. 1997; Minoux et al. 2009).

Therefore the mandibular arch (BA1) is devoid of any Hox

gene expression in gnathostomes. As a Hox gene expression

has been described in the first arch of the jawless species

Lampetra fluviatilis (Cohn 2002), it is tempting to link the

Hox-free state to the formation of the feeding apparatus of

gnathostomes. Consistent with this hypothesis are the follow-

ing observations: (i) the graft of Hox-expressing neural crest

cells in BA1 prevents lower jaw formation in chick (Couly et

al. 1998), (ii) the overexpression of hoxb1b precludes the for-

mation of the cartilaginous derivatives of BA1 in zebrafish

(Alexandre et al. 1996), (iii) the overexpression of PG2 genes

leads to the transformation of the mandibular arch toward

the morphology of the hyoid arch in African clawed frog

(Xenopus laevis) (Pasqualetti et al. 2000), chick (Gram-

matopoulos et al. 2000), and zebrafish (Hunter and Prince

2002), (iv) the loss of function of PG2 genes induces a

homeotic transformation of the hyoid arch skeletal derivatives

into a mandibular arch-like elements in mouse (Gendron-

Maguire et al. 1993; Rijli et al. 1993), Xenopus (Baltzinger

et al. 2005), zebrafish (Hunter and Prince 2002), and Nile

tilapia (Oreochromis niloticus) (Le Pabic et al. 2010). How-

ever, the Hox-free state is not strictly correlated to the pres-

ence of the jaw, because noHox gene expression is detected in

BA1 in the lamprey Lethenteron japonicum (Takio et al. 2004,

2007). Therefore, additional expression data are needed from

other petromyzontids to polarize this trait and determine if

the absence ofHox expression is a synapomorphy of gnathos-

tomes, or a trait inherited from the last common ancestor of

vertebrate species.

In mouse and chick Hoxa2, Hoxb1, and Hoxb2 are ex-

pressed in the second arch (hyoid arch), whereas Hoxa3,

Hoxb3, and Hoxd3 are expressed in BA3 (Hunt et al.

1991a, b, 1995). Our results for the dogfish show a similar

expression pattern, except for Hoxd3, for which expression is

shifted posteriorly to the fourth arch (Figs. 2K and 4). In the

posterior arches (BA4–7), that form later than the anterior

ones and that have thus been less characterized, the results are

controversial. Initially, all Hox4 paralogues were thought to

be expressed in BA4 in mice (Hunt et al. 1991a) and chick

(Hunt et al. 1995); but further studies in mammals showed

that only Hoxd4 is transcribed in BA4 whereas Hoxa4,

Hoxb4, and Hoxc4 are coexpressed in BA5 (Vieille-Grosjean

et al. 1997; Minoux et al. 2009). We show here that in the

dogfish Hoxd4 is expressed in BA4 and the expression of

Hoxa4 and Hoxb4 is restricted to BA5 (Figs. 2, D and H and

4) as in osteichthyans. In the dogfish, in addition to Hoxd3

and Hoxd4 we also detected Hoxd1 and Hoxd2 in the fourth

arch. Based on our results, and data from previous studies, we

propose that there are shared general features of the Hox code

in BA2 and BA3 in gnathostomes, with a specific shift of

Hoxd3 expression toward BA4 in chondrichthyans. Further-

more, in L. japonicum, LjHox2 and LjHox3d are expressed in

BA2 and BA3, respectively (Takio et al. 2007), supporting the

idea that specific expression of PG2 genes in BA2 and of PG3

genes in BA3 is a common vertebrate trait. It is difficult to

polarize the evolutionary changes that occurred in vertebrate

posterior arches because no expression data are available for

the lamprey; however, it is possible to propose a reasonable
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scenario for a common expression pattern for gnathostomes,

except for Hoxd2, which is present in chondrichthyans but

lost in osteichtyans (Fig. 1). In the dogfish BA4 is patterned

by Hoxd2, as well as Hoxd1 and Hoxd4 and Hoxd3. Because

Hoxd4 is expressed in BA4 in the mouse and Hoxd1 tran-

scription has been reported in the branchial arch region of the

amphibian X. laevis (McNulty et al. 2005), this Hoxd1 and

Hoxd4 patterning therefore probably represents a shared

gnathostome feature, whereas Hoxd3 expression in dogfish

BA4 is a dogfish-specific expression pattern.Hoxa4 andHoxb4

are both expressed in BA5 in the mouse and in dogfish, so this

expression pattern is also probably an ancestral pattern. Be-

cause the HoxC cluster is most likely lost in the dogfish, further

studies in chimaera, a chondrichthyan which has retained the

HoxC cluster (Ravi et al. 2009), are therefore needed to de-

termine whether the expression of Hoxc4 in the mouse BA5

reflects the ancestral state or is a mammalian-derived trait.

Evolution of the Hox code in the hindbrain

In gnathostomes, the hindbrain is divided into seven

rhombomeres whose identity is partly specified by PGs 1–4

Hox genes (for a review see Alexander et al. 2009). In the

dogfish, the expression pattern of Hox genes in the four an-

terior rhombomeres (R1–R4) probably reflects the ancestral

situation in vertebrates. First, r1 is Hox free in S. canicula

(this study), tetrapods (Hunt et al. 1991b; Maconochie et al.

1996), D. rerio (Moens and Prince 2002), and in L. japonicum

(Takio et al. 2007). Second, expression of a PG2 gene del-

imitates the anterior border of r2 (LjHox2 in lamprey,

Hoxa2 in S. canicula and tetrapods, Hoxa2b in zebrafish).

Third, r3 corresponds to the anterior border of expression of

some PG3 genes in S. canicula (Hoxb3) and L. japonicum

(LjHox3d). Last, r4 appears to be patterned by vertebrate

Hox genes that are probably orthologous: LjHox1w in lam-

prey (Takio et al. 2007), Hoxb1 in S. canicula (this study) and

in tetrapods (Hunt et al. 1991b; Maconochie et al. 1996), and

Hoxb1a and Hoxb1b in zebrafish (Moens and Prince 2002).

Furthermore, these PG1 genes share the same pattern of

expression, they are all activated at the late neurula stage in a

broad domain that encompass the posterior half of the hind-

brain, and subsequently are restricted to r4 and the spinal

cord (Fig. 5).

In addition to these plesiomorphic traits, the hindbrain of

the dogfish displays four evolutionary novelties that are found

only in the gnathostomes. First, Hoxb2 in tetrapods (Hunt

et al. 1991b; Maconochie et al. 1996), Hoxb2a in zebrafish

(Moens and Prince 2002), and Hoxb2 and Hoxd2 in chond-

richthyans (this study) are expressed in r3 whereas no specific

Hox expression limit defines r3 in the lamprey (Takio et al.

2007). Therefore, the ancestral limit of expression of PG2

genes in r2 shifted one rhombomere back for some copies

of PG2 genes that arose when the protoHoxAB and the

protoHoxCD complexes duplicated in the lineage leading to

the gnathostome common ancestor (Figs. 1 and 5). AsHoxb2

is more closely related to Hoxa2 than to Hoxd2, these one-

rhombomere shifts probably occurred independently. The ex-

pression ofHoxd2 in dogfish r3 is therefore a common trait of

gnathostomes that was retained in chondrichthyans but lost in

osteichthyans because of gene disruption in this lineage. The

second novelty shared by gnathostomes is another example of

a one-rhombomere backward shift of Hox expression in the

hindbrain. In the lamprey the anterior boundary of LjHox3d

expression is found in r4 (Takio et al. 2007) whereas in

the dogfish (this study) and in the mouse (Hunt

et al. 1991b) the anterior boundary of Hoxa3 and Hoxd3 is

found in r5. In addition, in the zebrafish the anterior

boundary of Hoxd3a transcription is found in r6 (Moens

Fig. 4. Schematic diagram of Hox gene
expression in the branchial arches in lam-
preys (A, Lethenteron japonicum; B, Lam-
petra fluviatilis), dogfish (Scyliorhinus
canicula), and mouse (Mus musculus).
Black rectangles represent the Hox ex-
pression domain in the branchial arches
(mouse and dogfish Hoxa1 and mouse
Hoxd1 are not expressed in these struc-
tures). BA, branchial arch.
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and Prince 2002). These results imply that the expression of

some PG3 genes have shifted one-rhombomere back in the

lineage leading to the last common ancestor of the gnathos-

tomes, while the expression of Hoxb3 remained in r4. Sub-

sequently,Hoxb3 expression shifted one-rhombomere back in

the branch leading to osteichthyans and the expression of

Hoxd3a shifted one more rhombomere back when the HoxD

cluster duplicated forming HoxDa and HoxDb in the lineage

leading to the teleosts. Third, we found that the anterior

boundary of Hoxa4, Hoxb4 and Hoxd4 is within r7 in the

dogfish, as in the osteichthyans (Hunt et al. 1991b; Macon-

ochie et al. 1996), except for Hoxa4a whose expression is

restricted to the spinal cord in the zebrafish (Moens and

Prince 2002). As no PG4 gene expression has been detected in

the lamprey hindbrain (Takio et al. 2007), the patterning of

r7 by PG4 genes is an evolutionary novelty acquired in the

gnathostomes lineage. Fourth and finally, in addition to PG4

genes, dogfish r7 is patterned by Hoxd1. It is difficult to po-

larize this trait because this gene is not expressed in the neural

tube in the mouse (Hunt et al. 1991b) and it is disrupted

in the zebrafish. However, as the transcription of Hoxd1 has

been reported in the posterior hindbrain of Xenopus

(McNulty et al. 2005), the expression of Hoxd1 in r7 is prob-

ably a gnathostome ancestral trait.

Hox code in the somites and vertebra identity in
gnathostomes

The vertebra structure of extant sharks is thought to reflect

the ancestral condition for gnathostomes (Janvier 1996). Two

sets of vertebrae are morphologically distinguishable in the

dogfish vertebral column: the monospondylous vertebrae of

the branchial region and the trunk, and the postanal diplo-

spondylous vertebrae (Gilbert 1973; Compagno 1999). The

former develop from somite 1 (s1) to about s39 and are

characterized by short neural arches and ventral basapophysis

with a series of discrete extensions called dorsal ribs which are

probably homologous to the thoracic ribs of the tetrapods

(Britz and Bartsch 2003). The latter develop caudally to s39

and do not display basapophysis since their hemal arches

form the ventral spine. The appendicular skeleton associated

with the axial skeleton forms from s6 to 10 for the pectoral

girdle and from s33 to 39 for the pelvic girdle (Figs. 6 and 7).

Previous comparisons of tetrapodHox gene expression has

led to the hypothesis that the transition from one type of

vertebra to another corresponds to the anterior limits of ex-

pression of specific Hox genes (Burke et al. 1995; Cohn and

Tickle 1999; Wellik and Capecchi 2003; Carroll et al. 2005;

Alexander et al. 2009). Only one of our findings accords with

this model: we show that in the dogfish, the anterior limit of

Hoxd11 transcription is located in somite 39 (Figs. 3H and 6)

where the pelvic girdle develops and where the transition be-

tween monospondylous and diplospondylous vertebrae oc-

curs. This represents a common feature of gnathostomes as

the tetrapod hindlimb develops at the level of the sacral ver-

tebrae and the hindlimb posterior end is located at the an-

terior limit of Hoxd11 expression (Burke et al. 1995). This

common feature is probably functionally relevant since it has

been demonstrated in mice that PG11 genes regulate sacral

vertebrae development by suppression of PG10 function

Fig. 5. Schematic diagram of Hox gene
expression in the hindbrain presented
within a phylogenetic context: PGs 1–4
Hox gene expression in gnathostomes
(Scyliorhinus canicula, chondrichthyans;
Mus musculus, sarcopterygians; and
Danio rerio, actinopterygians), and in
Lethenteron japonicum as an out-group.
Black rectangles represent the Hox ex-
pression domain in the hindbrain. All
PGs 1–4 genes identified in the genome of
each species are listed;Hox genes that are
not transcribed in the hindbrain are
striped. Stars represent whole genome
duplication events in vertebrates. PG,
paralogue group; r, rhombomere; sc,
spinal cord.
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(Wellik and Capecchi 2003; Wellik 2007). As the transition of

cervical vertebrae to vertebrae bearing ribs had been linked

with the transcription of Hoxc6 in osteichthyans (Cohn and

Tickle 1999), it would be tempting to correlate the absence of

cervical- to thoracic-vertebrae transition with the absence of

Hoxc6 expression in S. canicula. However, this correlation is

not significant since HoxC deficient mice exhibit only subtle

changes in axial skeleton and a normal cervical- to thoracic-

vertebrae transition (Suemori and Noguchi 2000), in addition

C. milii has a HoxC complex (Ravi et al. 2009) but does not

have cervical vertebrae.

CONCLUSION

Overall, our results suggest that nested Hox expression, or

Hox code, in repeated developmental compartments along the

body axis (Fig. 7) underwent only subtle changes during the

evolution of the gnathostomes. We show here that the ex-

pression patterns of Hox genes are nearly identical in the

branchial arches of gnathostomes whereas their derivatives

underwent extensive morphological changes. For example,

the patterning of the second arch (hyoid) by PG1 and PG2

genes is identical in the dogfish, chick, and mice while the

derivatives of the second arch form the hyostilic suspension

of the jaw in chondrichthyans and actinopterygians, but part

of the middle ear (the stapes) in tetrapods (Kardong 2006).

Furthermore, the second arch of the lamprey forms part of

the branchial basket, an anastomosed branchial skeleton spe-

cific to lampreys (Janvier 1996), it is patterned by LjHox2

which is homologous to PG2 genes, which are expressed in

BA2 in the gnathostomes. Therefore the Hox code of the

second branchial arch was established before the appearance

of jaws and its patterning is independent of its developmental

fate in gnathostomes. Similarly, our results show that the

nestedHox patterning of the hindbrain was established before

its morphological differentiation.Hox patterning of the rhom-

bomeres is nearly identical in all gnathostomes, despite that

Fig. 6. Schematic representation ofHox gene (PGs 1–11) expression pattern in the somatic mesoderm of dogfish embryos hybridized about
stage 23. The gray dotted line represents the limit between monospondylous and diplospondylous vertebrae. The curves represent the paired
fin buds. S, somite; V, vertebrae.
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fact the hindbrain has characteristic lengths and morphologies

in some of these species, especially in mammals where the

floor of the hindbrain develops into a enlarged areas: the pons

(Kardong 2006). Finally, we detected several dogfish Hox

gene patterns in the somitic mesoderm which are not linked to

morphological changes in S. canicula but which are conserved

within the gnathostomes and correlate with regional vertebrae

transition in mice. In the dogfish, the anterior limits of PG3,

PG4, and PG5 expression define embedded domains within

the monospondylous vertebrae that lie between the cranium

and the scapular girdle. In mice, these genes have been shown

to control morphogenesis of the basioccipital bones, atlas,

axis, and posterior cervical and scapular vertebrae respectively

(for a review see Wellik 2007, 2009; Alexander et al. 2009 and

references therein), and to pattern the occipito-cervical regions

in all tetrapods (Carroll et al. 2005). Moreover, in the mouse

PG9 and PG10 have been shown to be responsible for spec-

ification of the thoracic and lumbar vertebrae, respectively

(McIntyre et al. 2007), and in the dogfish (this study) they

define two nested domains within the morphologically undis-

tinguishable presacral vertebrae similar to the pattern ob-

served in the corn snake (Di-Poi et al. 2010). These data show

that the Hox code in the vertebral column is highly con-

strained in vertebrates, even in species where there is no

obvious vertebrae morphological regionalization. Therefore,

the anterior-posterior regionalization of Hox gene expression

pre-existed in the morphologically undifferentiated vertebral

column of the ancestor of gnathostomes, and this initial

patterning was probably exapted later to produce tetrapod

regional vertebrae. Overall our results show that the region-

alized expression of Hox genes in regions of the body

axis composed of serially homologous structures predated

the morphological differentiation of these regions and that

the functional Hox code described in mice should not be

generalized to all vertebrate species.
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Fig. 7. Schematic summary of nested ex-
pression pattern of Hox genes along the
body axis of a dogfish embryo at about
stage 23. Each color corresponds to the
expression of the most anterior Hox gene
of each paralogue group. In the dorsal
side, the rhombomeres are figured to the
left and the spinal cord to the right. The
branchial arches are figured just below
the hindbrain. The axial mesoderm is fig-
ured by oval boxes in the centre of the
embryo and para-axial mesoderm is fig-
ured on the ventral side. The position of
branchial arches (BA1–4), and rhombo-
meres r2, r4, r7, and somites s5, s10, s20,
s30, s40, and s50 are indicated.
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Figure S1. Structure of dogfish Hox gene. Grey boxes,

homeodomain; black lines, location of probes; 11 and 12,

introns.
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