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conserved and diverged aspects of early head patterning
in arthropods
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Abstract Arthropods show two kinds of developmental
mode. In the so-called long germ developmental mode (as
exemplified by the fly Drosophila), all segments are formed
almost simultaneously from a preexisting field of cells. In
contrast, in the so-called short germ developmental mode
(as exemplified by the vast majority of arthropods), only the
anterior segments are patterned similarly as in Drosophila,
and posterior segments are added in a single or double
segmental periodicity from a posterior segment addition
zone (SAZ). The addition of segments from the SAZ is
controlled by dynamic waves of gene activity. Recent stud-
ies on a spider have revealed that a similar dynamic process,
involving expression of the segment polarity gene (SPG)
hedgehog (hh), is involved in the formation of the anterior
head segments. The present study shows that in the myria-
pod Glomeris marginata the early expression of hh is also in
a broad anterior domain, but this domain corresponds only
to the ocular and antennal segment. It does not, like in
spiders, represent expression in the posterior adjacent seg-
ment. In contrast, the anterior hh pattern is conserved in
Glomeris and insects. All investigated myriapod SPGs and
associated factors are expressed with delay in the preman-
dibular (tritocerebral) segment. This delay is exclusively
found in insects and myriapods, but not in chelicerates,
crustaceans and onychophorans. Therefore, it may represent
a synapomorphy uniting insects and myriapods (Atelocerata
hypothesis), contradicting the leading opinion that suggests

a sister relationship of crustaceans and insects (Pancrustacea
hypothesis). In Glomeris embryos, the SPG engrailed is first
expressed in the mandibular segment. This feature is con-
served in representatives of all arthropod classes suggesting
that the mandibular segment may have a special function in
anterior patterning.
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Introduction

A characteristic hallmark of the arthropods is that their
bodies are composed of serially homologous units, the seg-
ments. In most arthropods, the so-called short germ devel-
oping species, which include all chelicerates, myriapods,
and crustaceans and the majority of insects, anterior seg-
ments are patterned and formed from a preexisting field of
cells. Posterior segments are added from a posterior located
segment addition zone (SAZ) in a single or double segmen-
tal periodicity (Chipman et al. 2004a; Schoppmeier and
Damen 2005; Janssen et al. 2011a; Sarrazin et al. 2012).
Only in some derived groups of insects, including the model
arthropod Drosophila melanogaster, are all segments pat-
terned from a preexisting field of cells and these animals
therefore lack a classical SAZ (e.g. Davis and Patel 2002;
Damen 2007). It has been suggested that the anterior pat-
terning system may have extended successively towards
posterior and eventually replaced the SAZ in long germ
arthropods (Peel and Akam 2003).

Patterning of the Drosophila embryo is achieved by the
action of the well-understood hierarchic segmentation gene
cascade in which gradients of maternal effect genes control the
spatial expression of gap genes; these then activate pair rule
genes in a double segmental pattern. Different combinations
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of pair rule genes then activate the segment polarity genes
(SPGs) that are expressed in a segmental pattern and define
segment polarity and boundaries (St. Johnston and Nüsslein-
Volhard 1992; Akam 1987). The regulatory network and
function of the SPGs were shown/suggested to be conserved
also in other arthropods (e.g. Oppenheimer et al. 1999; Damen
2002; Miyawaki et al. 2004; Sánchez et al. 2008; Farzana and
Brown 2008; Janssen et al. 2008). Despite the fact, however,
that comparative data on SPG expression and function are
available from numerous arthropods including insects, crusta-
ceans, chelicerates and myriapods, comprehensive data sets of
SPGs are restricted to few model organisms such as the fly
Drosophila (e.g. Sanson 2001), the beetle Tribolium (e.g.
Farzana and Brown 2008), the spiders Achaearanea
(Schwager et al. 2009; Pechmann et al. 2009; Akiyama-Oda
and Oda 2010; Kanayama et al. 2011) and Cupiennius
(Damen 2002; Prpic and Damen 2005; Prpic et al. 2003)
and the myriapod Glomeris (Janssen et al. 2004, 2008; Prpic
et al. 2005). In most cases, data are restricted to the expression
of engrailed (en) and wingless (wg), the two most intensively
studied SPGs (e.g. Hughes and Kaufman 2002; Chipman et al.
2004b; Prpic 2008; O’Donnell and Jockusch 2010). The vast
majority of work concerns the expression and function of
SPGs during terminal addition rather than anterior patterning.
Similarly, only few data are available on the early expression
of hedgehog (hh), which is an important component of the
conserved SPG network. Most data are restricted to later
stages and the appearance of hh expression during posterior
segment addition, or in long germ insects at later developmen-
tal stages (e.g. Simonnet et al. 2004; Janssen et al. 2004;
Dearden et al. 2006). Alternatively, they are inconclusive with
respect to the precise spatiotemporal appearance within the
anterior embryo. Our knowledge of SPG expression and func-
tion during anterior body patterning in arthropods is thus
generally lagging behind the profound knowledge that has
been gathered on SPGs’ action during terminal addition of
segments. Two recent studies, however, investigated the early
expression of hh in the anterior head region of the spider
Achaearanea (Pechmann et al. 2009; Kanayama et al. 2011).
Interestingly, it was found that hh is expressed in a dynamic
pattern in the anterior head. This represented a novel feature
not reported previously for any SPG in the anterior “preexist-
ing field of cells” in any arthropod. It thus described a new
developmental mode in anterior patterning. The splitting of
the most anterior segments and the dynamic expression pat-
terns involved are at least similar to posterior patterning of the
segments that are generated from the SAZ.

The delayed expression of en in the rudimentary intercala-
ry/premandibular (0tritocerebral) segment in insects and
Glomeris already implies that this segment is likely not pat-
terned together with the ocular region and the first antennal
segment as, in contrary, is the case for spiders (e.g. Janssen et
al. 2004; Chipman et al. 2004b; Miyawaki et al. 2004;

O’Donnell and Jockusch 2010). However, in the anterior head
segments of Drosophila and other arthropods, hh expression
precedes expression of en (and wg) (e.g. Mohler 1995; Brown
et al. 1994; Kanayama et al. 2011). This leaves the possibility
that the most anterior head segments in Glomeris may be
patterned via hh but without having an effect upon the con-
servative stripe-by-stripe appearance of other SPGs.

A specific intent of this work was therefore to investigate
the early expression of hh during the patterning of the
anterior head segments in a basally branching mandibulate
arthropod to reveal whether the recently discovered anterior
patterning mechanism in a spider may represent an ancestral
feature of arthropods. Another, more general goal was to
conduct an exhaustive investigation of the spatiotemporal
expression of SPG in the anterior blastoderm of a non-insect
arthropod. Special focus concerned the spatial patterning of
the reduced premandibular (tritocerebral) segment. It
appears that all SPGs are expressed with delay in this
segment, a feature that is shared with the insects. This
finding is discussed with respect to arthropod phylogeny.

Material and methods

Species husbandry, gene cloning, in situ hybridization,
nuclei staining and documentation techniques

The handling ofGlomeris marginata is described by Janssen et
al. (2004). After oviposition, embryos were allowed to develop
at room temperature. Staging follows Dohle (1964) and
Janssen et al. (2004). The developmental stage of all embryos
was determined by using 4′-6-diamidino-2-phenylindole
(DAPI). Cloning and sequence analysis of the Glomeris seg-
ment polarity genes has been described by Janssen et al. (2004,
2008, 2010). Single whole mount in situ hybridization was
performed as described in Prpic and Tautz (2003). Embryos
were analyzed under a Leica dissection microscope equipped
with either an Axiocam (Zeiss) or a Leica DC100 digital
camera. Brightness, contrast and colour values were corrected
(linear transformations only) in all images using the image
processing software Adobe Photoshop CS2 (version 9.0.1 for
Apple Macintosh).

Results

Early expression of hedgehog and patched in the regio
germinalis

In Glomeris, all anterior segments including the first trunk
segment (T1) are formed from a preexisting field of cells
that is recruited from the blastoderm. This is the so-called
regio germinalis. All segments posterior to T1 are added
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sequentially as single segments from the posterior segment
addition zone (SAZ) and that despite the presence of so-
called diplosegments in the posterior of the embryo (Dohle
1964; Janssen 2011).

At stage 0 (blastoderm stage), Glomeris hedgehog is
expressed in the anlagen of the hindgut in the very posterior
of the developing embryo (Fig. 1c). Shortly later, hh appears
as a broad band covering the anlagen of the future ocular
region and the antennal segment. At the same time, expression
appears as a single stripe in the mandibular segment (Fig. 1a,
c). Note that at the same developmental stage engrailed (en) is
not expressed in a comparable anterior domain, but that its
most anterior expression lies in the mandibular segment
(Fig. 1b) (Janssen et al. 2004). Soon after its appearance in
the broad ocular/antennal domain, hh expression is cleared
from the centre of this domain, but expression at the anterior
and posterior rim of the domain is enhanced (Fig. 1d). This
enhanced expression represents the remaining expression as
seen at stage 0.2 in the ocular region and the antennal segment,
respectively (Fig. 1e). At the same time, de novo expression
appears in the maxillary and the first trunk segment (T1). The
latter represents the last segment of the regio germinalis, the
anterior field of cells. At stages 0.3, the postmaxillary stripe
and the T2 stripe appear together with weak expression in the
prospective hindgut (Fig. S1). This expression becomes stron-
ger in the subsequent stage 0.4 (Fig. 1f). Note the gap of
expression between the two gut primordia (white arrowhead
in Fig. 1f). Slightly later at stage 0.5, the premandibular stripe
of hh expression becomes first detectable (Fig. 1g). At the
same time, a third trunk stripe (T3) forms. At stage 1.2, a
fourth trunk stripe appears, and in the anterior embryo, de
novo expression appears in a region that will later give rise to
the labrum. At this stage, expression of the prospective gut
primordia has fused (Fig. 1h).

Expression of patched (ptc) occurs in the same spatio-
temporal order as hh in the different segmental primordia of
the regio germinalis: at stage 0.1, expression is in a broad
domain covering the ocular region and the antennal seg-
ment. A transverse stripe is visible in the mandibular seg-
ment and the hindgut anlagen (Fig. 2a). At stage 0.2,
expression appears in the maxillary and T1 segments (and
very faintly also in T2), and expression in the ocular/anten-
nal region disappears ventrally (Fig. 2b). Already at this
time, the characteristic double stripes form in each segment
by the disappearing of expression from the centre of the
developing segmental stripes (cf. Janssen et al. 2008). At
stage 0.4, all stripes in the regio germinalis, except the
premandibular stripe, have formed; the T2 stripe has now
clearly appeared (Fig. 2c). At the subsequent stage 0.5, the
premandibular stripe appears. Notably, this expression does
not appear as a broad stripe that later splits, but directly as
two stripes (Fig. 2d). Somewhat later, this (double) stripe is
strongly expressed (Fig. 2e).

Early expression of wingless, cubitus interruptus and Notum
in the regio germinalis

Compared to hh and ptc, the appearance of wingless (wg) is
delayed in the anterior segments (Fig. 3). At stage 0.1, the
earliest expression is in a ring around the anlagen of the
hindgut, the later anal valves (Fig. 3a). At stage 0.2, expres-
sion appears in the ocular region; this expression is not in
one transverse stripe but as two distinct patches in the
developing eyes (Fig. 3b). At stage 0.3, faint expression of
wg appears in the mandibular segment and in the developing
antennae (Fig. 3c). At stage 0.5, expression appears in the
maxillary segment (Fig. 3d), and at stage 1, expression
appears in the postmaxillary, T1 and T2 segments
(Fig. 3e). Finally, at stage 1.1, expression appears in the
premandibular segment and weakly also in T3 (Fig. 3f).

Expression of Glomeris cubitus interruptus (ci) is diffi-
cult to document at very early stages because it is almost
below detectable levels. At approximately stage 0.1, expres-
sion is detectable as a transverse stripe in the ocular region
and two broader transverse stripes corresponding to the
premandibular+mandibular (pmd+md) and maxillary+
postmaxillary (mx+pmx) segments. Expression in T1 is in
a single-spaced transverse stripe (Fig. 4a). Very faint expres-
sion is detectable in the SAZ. Slightly later expression in the
ocular region disappears from ventral tissue. Expression in
T2 appears (Fig. 4b). The double stripes corresponding to
pmd+md and mx+pmx begin to split at stage 0.4 (Fig. 4c),
and soon after appear as single stripes (Fig. 4d). At this
point, expression is present in both the antennal segment
and the ocular region (Fig. 4d); the former is likely to have
appeared de novo as indicated by the space seen at earlier
stages between the most anterior expression (in the ocular
region) and the splitting pmd+md stripe (cf. Fig. 4c, d).

Notum expression appears simultaneously in the antennal
primordia, the mandibular segment, the maxillary segment
and weakly in the postmaxillary segment, and T1 at approx-
imately stage 0.4 (Fig. 5a). At the subsequent stage, the
premandibular stripe appears, and expression in all segments
except the postmaxillary segment becomes clearer.
Additionally, expression is now in the forming hindgut
(Fig. 5b). At stage 1, expression in the postmaxillary segment
becomes stronger, and expression in T2 appears (Fig. 5c).

Discussion

Splitting of a broad anterior hedgehog-positive domain
is involved in the generation of the ocular region
and the antennal segment

Two recent publications on hh signaling in the spider
Achaearanea tepidariorum described dynamic expression
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Fig. 1 Early expression of Glomeris hedgehog and engrailed. a Stage
0.1. Expression of hh in a solid broad anterior domain corresponding to
the future ocular and antennal regions (cf. Fig. 1d showing expression
in a slightly older embryo), and the mandibular (md) segment. Expres-
sion in the future hindgut (hg). b Stage 0.1. At the same stage when hh
is expressed in a broad anterior domain, engrailed expression is re-
stricted to the mandibular segment, and weakly to the first trunk
segment (T1). c Blastoderm stage (stage 0). Glomeris hh is exclusively
expressed posterior to the SAZ in the future hindgut (hg). d Stage 0.1.
hh is now expressed also in a broad domain corresponding to the ocular
region (oc) and the antennal segment (an), and in the mandibular
segment (md). Note that in the shown embryo the anterior domain is

already in the process of splitting. Expression in the ocular (anterior)
region of the domain disappears ventrally (black arrowhead). e Stage
0.2. Expression in the maxillary segment (mx) and first trunk segment
(T1) appears. The oc/an stripe(s) are fully separated. f Stage 0.4.
Expression appears in the postmaxillary segment (pmx). The future
T2 and T3 segments segregate from the SAZ and express hh. Expres-
sion in the invaginating hindgut (asterisk) and the anal rim (white
arrowhead). g Stage 0.5. Not before now hh appears in the preman-
dibular segment (pmd) (arrow). Expression in T3. h Stage 1.2. All
anterior segments now express hh. Arrow as in e. Additionally, hh is
expressed in an anterior median position where the labrum will form
(asterisk). c′–h′ DAPI stainings of the embryos shown in c to h
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of hh during patterning of the three most anterior head
segments (regions), the ocular region, the chelicerae-
bearing segment and the pedipalpal segment (Pechmann et
al. 2009; Kanayama et al. 2011). The latter two segments are
homologous to the first antennal and intercalary/premandib-
ular segment in mandibulate arthropods (Telford and

Thomas 1998; Damen et al. 1998; Janssen and Damen
2006). Dynamic gene expression including splitting
domains and wave-front like translocation of expression
domains has not previously reported for any segment polar-
ity gene (SPG) during patterning of the anterior segments.
The new data reveal that a similar pattern of splitting of a

Fig. 2 Early expression of Glomeris patched. All embryos are orient-
ed with anterior to the left. a Stage 0.1. Like hh, also ptc is expressed
strongly in a broad anterior domain corresponding to the ocular (oc)
and antennal (an) segments, and weakly also in the mandibular (md)
segment and in the posterior most area of the germ band that will later
invaginate and form the hindgut (hg). b Stage 0.2. The broad oc+an-
expressing domain splits and the ptc-typical segmental double-stripes

form. Expression in the maxillary (mx) segment and the first trunk
segment (T1) appears. c Stage 0.4. The postmaxillary (pmx) stripe and
the T2 stripe appear. Note that the premandibular (pmd) stripe has not
yet appeared (asterisk). d Stage 0.5. Faint expression in the pmd
appears (arrow). The T3 stripe has appeared. e Stage 1. Expression
in the pmd is now clearly visible. Arrow as in d

Fig. 3 Early expression of Glomeris wingless. All embryos are orient-
ed with anterior to the left. a Stage 0.1. Expression is in a ring in the
future anal valves (av) surrounding the hindgut primordium. b Stage
0.2. Expression appears in the ocular region (oc). c Stage 0.3. Expres-
sion in the ocular region (oc), the antennal primordia (an) and the
mandibular segment (md). d Stage 0.5. No expression in the preman-
dibular segment (black asterisk), but in the anterior adjacent antennal

(an) segment and the posterior adjacent mandibular (md) and maxillary
(mx) segments. The white asterisk marks a piece of vitelline membrane
(non-specifically stained). e Stage 1. All segments of the regio germi-
nalis, except the premandibular segment (asterisk) express wg. f Stage
1.1. Now expression is detectable also in the premandibular segment
(pmd) (arrow)
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broad anterior hh stripe is also present in the millipede
Glomeris (Fig. 6). However, in the spider, but not in
Glomeris, the initial domain of hh-positive cells undergoes
two splitting events; the first gives rise to the pedipalpal
hh expression, and the second results in one stripe of
expression in the cheliceral segments and one stripe of
expression in the ocular region. In contrast, in Glomeris, a
broad anterior stripe of hh splits only once giving rise to
single stripes in the ocular region and the antennal seg-
ment (Fig. 6). Another striking difference is that in the
spider, but not in the millipede, the anterior domain of
hh appears in the very anterior of the developing embryo
and later shifts to a more posterior position, while in
Glomeris, the anterior domain directly appears in some
distance from the anterior pole of the germ band.

Until now, informative data on the early expression of hh
in the most anterior head segments were restricted to the
insects Drosophila (Mohler and Vani 1992; Tabata et al.
1992; Tashiro et al. 1993), Tribolium (Farzana and Brown
2008) and Gryllus (Miyawaki et al. 2004), and indeed the
spider Achaearanea (Pechmann et al. 2009; Kanayama et al.
2011). In Drosophila, a broad (two to three cells wide)
anterior domain of hh expression covers the region where

the anlagen of the ocular region and the antennal segment lie
(Jürgens et al. 1986; Mohler and Vani 1992; Tabata et al.
1992; Tashiro et al. 1993). Despite the unfortunate circum-
stance that the earliest expression of Drosophila hh is not
described in great detail, position and width (two to three
cells compared to the other hh stripes that are only one cell
wide) of the anterior stripe suggest that it may represent later
expression in the eyes and antennae (discussed in Ntini and
Wimmer 2011a). For both short germ insects, Tribolium and
Gryllus, de novo appearance of the antennal hh stripe is
described after the initial appearance of hh in the ocular
region (Farzana and Brown 2008; Miyawaki et al. 2004).
However, the presented data on Gryllus hh give rise to the
impression that the earliest expression domain is indeed
corresponding to both the ocular region and the prospective
antennal primordium (but note that the authors (Miyawaki et
al. 2004) interpret their data differently and suggest that the
antennal hh stripe appears later and de novo). The same may
be true for hh expression in Tribolium. Although the anten-
nal hh stripe is described as being formed de novo, it forms
(or splits off from an oc/an stripe?) in very close proximity
to the antennal stripe, and is even connected to the former at
some points (Farzana and Brown 2008 (their Fig. 1a, b)).

Fig. 4 Early expression of Glomeris cubitus interruptus. All embryos
are oriented with anterior to the left. Note that staging of early-stage ci-
stained embryos is difficult due to quenching of the DAPI signal by the
fuzzy expression of ci. a Approximately stage 0.1 embryo. Very faint
expression is in all future segments of the regio germinalis except the
antennal segment (white asterisk), and the segment addition zone
(SAZ). Black asterisk and black filled circle mark future premandibu-
lar+mandibular (pmd+md) and maxillary+postmaxillary (mx+pmx)

tissue, respectively. b Approximately stage 0.3. Clear expression is
now in the ocular region (oc), and the first two trunk segments (T1 and
T2). Weak expression in broad domains corresponding to pmd+md
and mx+pmx tissue. c Approximately stage 0.5. Intensity of expres-
sion increases, and former broad domains begin to split into distinct
stripes. d The complete set of single-segmental stripes has formed

Fig. 5 Early expression of Glomeris Notum. All embryos are oriented
with anterior to the left. a Approximately stage 0.4. Notum is expressed
in the primordia of all anterior segments except the premandibular
segment (asterisk). b Approximately stage 0.5. Expression appears in

the premandibular segment (arrow) and the hindgut (arrowhead). c
Stage 1. an antennal segment, md mandibular segment, mx maxillary
segment, oc ocular region, pmx postmaxillary segment, T1 first trunk
segment
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Taken together, these data suggest that the early double-
segment wide expression of hh may be a conserved charac-
ter in at least myriapods and insects. To further explore the
evolution of anterior SPG patterning, it will be necessary to
re-investigate early hh expression in insects and crustaceans. It
will be interesting to see if the ocular+antennal domain of hh
is also conserved in crustaceans. If not, it may represent a
possible synapomorphy supporting the traditional Atelocerata
hypothesis that unites insects and myriapods (discussed be-
low). Furthermore, hh expression must be studied in the
closest relatives of the extant arthropods, the tardigrades and
onychophorans (e.g. Dunn et al. 2008; Edgecombe 2010;
Rota-Stabelli et al. 2010; Campbell et al. 2011). At least with
respect to engrailed andwingless expression, a splitting mech-
anism is apparently not conserved in onychophorans
(Eriksson et al. 2009). Here, the earliest expression is in the
jaw and slime papilla-bearing segments, homologs of the
mandibulate first antenna and intercalary/premandibular seg-
ment (Eriksson et al. 2010). Unfortunately, data on the more
interesting (in this context) hh gene are neither available for
any onychophoran nor tardigrade species.

Does delayed SPG patterning of the tritocerebral segment
in insects and a myriapod represent a synapomorphy
for the Atelocerata, or a case of convergent evolution?

In Drosophila, the most anterior segments are not under the
control of the hierarchic segmentation gene cascade (St.
Johnston and Nüsslein-Volhard 1992), but are instead regulated
by an anterior gap gene-like system (e.g. Cohen and Jürgens
1990; Mohler 1995) So-called second-order regulatory genes,
such as collier, act to transmit positional information from the
head gap genes to regulate SPGs (Crozatier et al. 1999; Ntini
and Wimmer 2011a, b). Despite some functional differences
(Schinko et al. 2008), the expression patterns of head gap genes
and collier are widely conserved in insects and a myriapod
suggesting at least some degree of functional conservation in
the process of head segmentation (Economou and Telford
2009; Schaeper et al. 2010; Janssen et al. 2011b, c; Birkan et
al. 2011). It was recently suggested that the genetic patterning
of the tritocerebral segment in insects and myriapods, but not
crustaceans and chelicerates, involves the early action of collier
(Janssen et al. 2011b; Schaeper et al. 2010). This implied either

Fig. 6 Schematic representation of anterior hh stripe formation in the
spider A. tepidariorum and the millipede Glomeris marginata. Grey
circles represent embryos of Achaearanea (upper row) and Glomeris
(lower row). Anterior is up. Dark grey represents the segment addition
zone (SAZ). Black lines in embryos mark hh expression; red lines in
embryos mark expression of hh in the pedipalpal (in the spider) and
premandibular (in the millipede) segments. Rows of pointing down
arrowheads represent direction and mechanism of splitting off of hh
stripes from a broader domain of expression. a Broad anterior expres-
sion of hh corresponding to the later ocular region (oc), the chelicerae-
bearing segment (ch) and the pedipalpal segment (pp). b The pp stripe

splits off from the broad domain. c A new broad domain forms
corresponding to future oc and ch. d The ch stripe splits off from the
broad anterior domain resulting in three distinct stripes of hh expres-
sion in oc, ch and pp (not shown). e Broad anterior expression of hh
corresponding to the later ocular region (oc) and antennal segment
(an). f The anterior domain splits into two. g Two distinct stripes of hh
in oc and an. h De novo appearance of hh expression in the preman-
dibular segment. L1–L4 primordia of the four walking limb-bearing
segments, md-T1 primordia of the mandibular to first trunk segments,
pmd-T1 primordia of the premandibular to first trunk segments
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that the expression of collier in the tritocerebral segment in
insects and myriapods is a result of convergent evolution, or
that it represents a true synapomorphy for a group uniting
insects and myriapods (Janssen et al 2011b).

In order to shed further light on this controversial topic, the
early expression of SPGs (and associated factors) was inves-
tigated in Glomeris. Earlier work reported on the delayed
expression of the SPG engrailed (en) in the tritocerebral
segment in Glomeris (Janssen et al. 2004), the centipede
Strigamia maritima (Chipman et al. 2004b) and insects (e.g.
Peterson et al. 1998; Patel et al. 1989; Miyawaki et al. 2004;
Posnien and Bucher 2010, O’Donnell and Jockusch 2010),
but not crustaceans (Scholtz et al. 1994; Browne et al. 2005;
Alwes and Scholtz 2005) and chelicerates (Schwager et al.
2009; Pechmann et al. 2009; Kanayama et al. 2011).

As expected from the fact that the SPG network is highly
conserved even beyond the arthropods (Eriksson et al. 2010;
Dray et al. 2010), all SPGs (and associated factors) are
expressed in conserved patterns during the process of seg-
ment formation in Glomeris (Janssen et al. 2004, 2008, this
study). And expression of all investigated factors is delayed
in the tritocerebral segment.

The finding that delayed SPG patterning is also, like the
expression of collier, conserved only in insects and myria-
pods raises the question on how likely convergent evolution
may be. Therefore, one goal for the future must therefore be
to understand the apparent co-evolution (independent re-
cruitment) of genetic networks such as the SPG system in
insects and myriapods.

SPG expression in the premandibular segment is associated
with the fading of sloppy paired expression

In insects such as Drosophila and Tribolium, pair rule genes
regulate the expression of SPGs (e.g. Choe et al. 2006; Akam

1987; Pankratz and Jäckle 1993). The conserved intrasegmen-
tal expression patterns of the pair rule gene orthologs in
Glomeris (Janssen et al. 2011a; Janssen et al. 2012) suggest
that this interaction may at least be partially conserved.

It is eye-catching that in Glomeris, expression of the SPGs
does not start in the premandibular (tritocerebral) segment
before the clearance of the pair rule gene sloppy paired (slp)
from the same region (Janssen et al. 2012). In all segments, slp
is expressed anterior and adjacent to en/hh (Janssen et al.
2011a; Janssen et al. 2012). Also, in Drosophila and
Tribolium slp acts as a regulator of the SPGs (Cadigan et al.
1994a, b; Choe and Brown 2007, 2009). It has been shown, for
example, that the early expression of slp in the head segments
inDrosophila represses other pair rule genes and thus sets their
anterior borders, which are required for the proper activation of
en in the mandibular segment (Andrioli et al. 2004). Therefore,
it may be that the delayed SPG patterning of the tritocerebral
segment is a result of the segment-spanning expression of slp. If
this is the case, the delayed SPG patterning of the tritocerebral
segment may represent a conserved trait. In Drosophila, slp is
directly involved in the development of this segment, and in a
double mutant of the two slp paralogs (slp1 and slp2), en is de-
repressed in the intercalary segment (Cadigan et al. 1994a, b).
Furthermore, it has been shown that slp represses other pair rule
genes inDrosophila (Andrioli et al. 2004), and this may also be
the case in Glomeris where the orthologs of the primary pair
rule gene runt (run) and even-skipped (eve) are absent from the
border between the mandibular and the premandibular segment
until slp begins to disappear from this region (Janssen et al.
2012). In Tribolium, however, slp is not expressed comparably
early but appears delayed in the tritocerebral segment (Posnien
and Bucher 2010). Unfortunately, functional methods have yet
not been established for any myriapod species, so that testing of
this hypothesis on the possible function of slp inGlomerismust
wait until this obstacle has been overcome.

Fig. 7 Spatiotemporal appearance of Glomeris engrailed (en), hedge-
hog (hh), patched (ptc) and wingless (wg) in the regio germinalis.
Expression in the stages 0 to 0.5 is shown. en is in red, hh is in blue,
ptc is in green and wg is in yellow. Note that expression of en appears
very early in the mandibular (md) segment (red asterisk) (cf. Fig. S2).

Expression of wg in the premandibular (pmd), the postmaxillary (pmx)
and first trunk (T1) segments is not shown as a bar, but the stage is
given at which expression of this gene appears first. an antennal
segment primordium, mx maxillary segment primordium, oc ocular
region
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Engrailed expression first appears in the mandibular
segment: a conserved trait in arthropod development

The new results on the earliest expression of engrailed (en) in
Glomeris show that it appears first in the mandibular segment
(Figs. S2 and 7). This finding is complemented by data from
the insect Tribolium, where en is expressed first in the man-
dibular segment (Brown et al. 1994). Furthermore, also in the
amphipod crustaceanParhyale, En protein is first expressed in
the mandibular segment (Scholtz et al. 1994). Also, in the
spider Achaearanea, en is first expressed in the corresponding
homologous segment, which is the first walking leg-bearing
segment (L1) (Schwager et al. 2009; Kanayama et al. 2011). It
appears thus that en is first expressed in the mandibular
segment (L1 segment in chelicerates) in representatives of
all arthropod classes (no data are available from pycnogonids
which may represent a fifth class (Dunlop and Arango 2005)).
Notably, however, in the model arthropod Drosophila it is not
the mandibular segment that expresses en first, but the poste-
rior adjacent maxillary segment (DiNardo et al. 1985). On
account of the derived developmental mode (long germ vs
short germ developmental mode), the distant position in phy-
logenetic trees and the available data from other arthropods,
the situation in Drosophila must be considered derived.
Although the exact order of appearance of En stripes is unclear
in the wasp Nasonia, another species with a long germ band
mode of development, the mandibular stripe appears earlier
than the maxillary stripe (Pultz et al. 1999).

Despite the fact that data from arthropod sister groups,
i.e. a tardigrade and an onychophoran, show that the early
expression of en in the mandibular segment is not conserved
outside the Arthropoda (Gabriel and Goldstein 2007;
Eriksson et al. 2009), it appears that the available data are
sufficient to bring the idea forward that earliest expression
of en in the mandibular segment indeed represents an an-
cestral feature of the arthropods.
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