Evolution of Sp Transcription Factors

in Metazoans

Dissertation submitted in partial fulfilment of the requirements for the degree of
,2doctor rerum naturalium®

of the Georg-August-University Gottingen

from

Nina Schaper

Weinheim,

Germany

Gottingen, 2009



Referent: Prof. Dr. Ernst A. Wimmer
Korreferent: Jun. Prof. Dr. Gregor Bucher
Tag der mindlichen Prifung: 15.01.2010









Table of Contents

Table of Contents

1 ZUSAMMENTASSUING .eeiiiiiieiiiiitiet e e ettt e e e e e e et e e e e e e e e s bbb e ettt e e e e e s e b e et e e e e e e e e annnneees 1
L SUMIMIAITY ¢t e e s a s e e e e a e e e e e s e e e e n e e e nnr e nn e n e n e e e 2
P2 [N o Yo [0 Tox AT o] o EO TP P PP EEPP PP 3
2.1 Mechanisms of arthropod head development — views and open questions............ccc......... 3
2.1.1 Head gap genes and other anterior patterning genes in D. melanogaster................... 3
2.1.2 Anterior patterning mechanisms in other arthropods ...............vvvvievieiiiiiiiiiiiiiiii, 4

2.2 The Sp family of tranSCription fACIOIS .........cociiiiiiiii e 5
2.2.1 The vertebrate SPL-4 QIOUP .....ee e e eeeeeeeeeeeeeeeteeeueeeeaeeeeeeeeeeneeeneeeeeeenneeeneeeneesnnennnennnennnes 6
2.2.2 The vertebrate SP5-9 grOUP ......ccoieiuiiiii e e e et e e e e e e e e e e e e e araa e e e e 6
B B 1= o RS o B = Vo] (o | £ T 7

2.3 Development of the arthropod tritocerebral head segment..............cccooiii, 8
2.3.1 The COE famMUlY ...t e e 9

2.4 Research ObJECHIVES ... 11

B RESUILS ..t 12

3.1 A clustered set of three Sp-family genes is ancestral in the Metazoa: evidence from
sequence analysis, protein domain structure, chromosomal location and developmental

Loy (=TI (o] g o7 L1 1T 3 USROS 13
3.2 The buttonhead-related gene Spl-4 is required for embryonic head development in
I Lo Lol 10 g o= T k= [=TH ] o PO 58
3.3 A conserved function of the zinc finger transcription factor Sp8/9 in allometric
appendage growth in the milkweed bug Oncopeltus fasciatus. ..........cccccccvvvviviiiiiiiniiiecieenee, 75
3.4 Expression pattern of three Sp homologous genes in the cnidarian Nematostella
(VLT (=] TP TR PPPRTT 86
3.5 Evolutionary plasticity of collier function in head development in diverse arthropods....... 93
] o U == T o P 124
4.1 The evolution of the Sp transcription factor family ...........ccccceeeii i, 124
4.1.1 Phylogenetic sequence analysis, protein domain structure and chromosomal
location of Sp genes reveal their homology ... 124
4.1.2 Expression pattern analyses of Sp genes further support their orthology................. 127
4.2 Influence of Sp family members in arthropod head development..........ccccevvvvvvvvvvvennnee. 128
4.3 Contribution of collier to the formation of the tritocerebral segment.............cccoccvvvineeen. 130
4.4 Concluding remarks: Conserved function of conserved genes?..........ccccevvvevveeeveeeeennnnee. 132
D R BB C S ..o 134
B AP PN i 143
6.1 ADDIEVIAtIONS .....coeiieeeeee e 143
IS YT U= o 144



Zusammenfassung

1 Zusammenfassung

Die Mechanismen der Kopfentwicklung bei Arthropoden sind weit weniger gut verstanden als die
Mechanismen der Entwicklung des Thorax und des Abdomens, wie Daten aus der Fruchtfliege
Drosophila melanogaster gezeigt haben. Die posterioren, gnathocephalen Kopfsegmente
(Mandibular-, Maxillar-, Labialsegment) werden wie die thorakalen und abdominalen Segmente
gemustert, wohingegen die Segmentierungsmechanismen der anterioren procephalen Kopfregion
(Labrum, Okular-, Antennen- und Interkalarsegment) offensichtlich andere sind. Obwohl die
Kopfsegmentierungsmechanismen noch nicht genau bekannt sind, konnte eine Beteiligung der so
genannten Kopflickengene orthodenticle (otd), empty spiracles (ems) and buttonhead (btd) sowie
von so genannten ,second level regulators’, wie collier (col), gezeigt werden.

Das aus D. melanogaster bekannte Kopflickengen btd gehért zu der Familie von Sp
Transkriptionsfaktoren. Diese Zink-Finger Proteine sind evolutionar stark konserviert und in vielen
unterschiedlichen Arten zu finden. Die Orthologie dieser Sp Gene unterschiedlicher Arten war
jedoch unklar und ihre evolutiondre Geschichte wurde daher kontrovers diskutiert, was
insbesondere flir Dm btd gilt. Aufgrund eines ahnlichen postblastodermalen mMRNA
Expressionsmusters, partiell redundanter Funktion sowie einer chromosomalen Lokalisation in
derselben cytogenetischen Bande des X-Chromosoms wurde postuliert, dass btd und D-Spl aus
einer rezenten Genduplikation hervorgegangen sind. Zudem war ein direktes btd Ortholog in
Vertebraten nicht bekannt. Um den Ursprung von btd aufzuklaren, wurden unterschiedliche Sp
Gene aus verschiedenen Arthropoden isoliert. Zudem wurden bereits sequenzierte Genome
verschiedener Vertreter der Metazoa nach Sp Genen durchsucht. Phylogenetische Analysen
dieser Daten, sowie Proteindoméanenanalysen, chromosomale Lokalisation und mRNA
Expressionsanalysen zeigten, dass btd Orthologe schon in so basalen Metazoa wie Nematostella
vectensis und Trichoplax adhearens vorhanden sind. Es hat sich gezeigt, dass ein Satz von drei
Sp Genen anzestral in den Metazoa ist und der Ursprung von btd somit bis zum gemeinsamen
Vorfahren der Metazoa zurlickverfolgt werden kann. Zudem wurde der Einfluss des D.
melanogaster btd-Zielgens col auf die Kopfmusterung in verschiedenen Arthropoden untersucht.
In D. melanogaster ist col friih in der Entwicklung im Parasegment 0 exprimiert, welches zum
posterioren Anteil des interkalaren (tritocerebralen) Segmentes sowie zum anterioren Anteil des
Mandibularsegmentes beitragt. Zudem ist eine spate Expression im Nervensystem zu
verzeichnen. Das tritocerebrale Segment bei Insekten tragt keine Anhange, wohingegen das
entsprechende Segment bei Crustaceen und Cheliceraten paarige Anhange tragt. Unsere Daten
zeigen eine frilhe Funktion von col im tritocerebralen Segment der Insekten Tribolium castaneum
und Oncopeltus fasciatus. Diese frilhe Kopffunktion fehlt in dem Krebs Parhyale hawaiensis und
der Spinne Achaearanea tepidariorum, wo col nur spat im Nervensystem exprimiert ist. Dies wirft
die Frage nach einer Funktion von col in Hinblick auf den anhanglosen Zustand des

tritocerebralen Segmentes auf.



Summary

1 Summary

In contrast to the well-known trunk segmentation mechanisms in the fruit fly Drosophila
melanogaster the mechanisms of arthropod head segmentation are less well understood. While
the posterior, gnathocephalic head segments (mandibular-, maxillary-, labial segment) are
metamerized like the trunk, the anterior cephalic region, the procephalon (labrum, ocular-,
antennal-, intercalary segment) is patterned in a different way. However, the mechanisms for
patterning the anterior head are poorly understood, but a role in cephalic formation of the head
gap-like genes orthodenticle (otd), empty spiracles (ems) and buttonhead (btd) as well as the
influence of so called second level regulators, such as collier (col), have been shown.

The D. melanogaster head gap-like gene btd belongs to the Sp family of transcription factors. Sp
zinc finger proteins are evolutionary conserved and are present in many animal species. The
orthology of the Sp genes in different species was unclear and their evolutionary history was
therefore controversially discussed. Especially the origin of Dm btd is discussed. Due to a similar
postblastodermal expression pattern, partially redundant function and chromosomal location
within the same cytogenetic band, a recent gene duplication scenario of btd and D-Spl was
suggested. In addition, a direct btd ortholog was not known for vertebrates. To elucidate the
origin of btd, different Sp genes were isolated from different arthropod species. Fully sequenced
genomes of various metazoan representatives were also searched for Sp genes. Phylogenetic
sequence analysis of these data as well as protein domain structure, chromosomal location and
MRNA expression analyses revealed btd orthologs even in basal metazoan representatives as
Nematostella vectensis and Trichoplax adhearens. Thus, a set of three Sp genes is ancestral in
the metazoans and the origin of btd can be traced back to a basal metazoan ancestor.

Furthermore, the contribution of the D. melanogaster btd target gene col to head metamerization
was analyzed in various arthropod species. In D. melanogaster, col is expressed early in
parasegment 0, which contributes to the posterior part of the intercalary (tritocerebral) and the
anterior part of the mandibular segment, and later during embryonic development in the nervous
system. The tritocerebral segment of insects lacks appendages, whereas the same segment in
crustaceans and chelicerates still possesses appendages. Our data revealed an early head
function for col in the tritocerebral segment of the insect representatives Tribolium castaneum
and Oncopeltus fasciatus. Intriguingly, this early head function is missing in the crustacean
Parhyale hawaiensis and the chelicerate Achaearanea tepidariorum where col is only expressed
late during embryonic development in the nervous system. This suggests a contribution of col to

the appendage-less state of the tritocerebral segment.
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2 Introduction

2.1 Mechanisms of arthropod head development — views and open questions

For a long time, embryos of different arthropod species have been used for pattern formation
studies. Most molecular data for these studies are available from insects. Especially the fruit fly
Drosophila melanogaster is a very well established model organism for developmental studies.
Various studies in D. melanogaster showed that the trunk is patterned by a hierarchical
segmentation cascade, with the help of maternal effect genes, gap-genes, pair-rule genes and
segment-polarity genes (Ingham and Martinez Arias, 1992; St Johnston and Nisslein-Volhard,
1992). Homeotic selector (Hox) genes further specify these segments. Most of these molecular
studies focussed primarily on the trunk region of the embryo and much less is known about
patterning processes of the embryonic head. Nevertheless, some studies from D. melanogaster
revealed different mechanisms for patterning the head versus the trunk.

The insect embryonic head can be subdivided into the anterior procephalon and the posterior
gnathocephalon. Expression patterns of the segment polarity genes engrailed (en) and wingless
(wg) as well as internal head structures argue for seven head domains, four pregnathal (labral-,
ocular-, antennal- and intercalary segment) and three gnathal (mandibular-, maxillary- and labial
segment) (Schmitt-Ott and Technau, 1992). The segmental or nhon-segmental nature and further
subdivision of the pre-antennal procephalic parts are still debated and remain unclear (reviewed

in Finkelstein and Perrimon, 1991; Posnien and Bucher, 2009a).

2.1.1 Head gap genes and other anterior patterning genes in D. melanogaster

In D. melanogaster, the activity of pair-rule genes is completely missing in the procephalon and
also Hox gene activity is absent in the very anterior part of the procephalon (see Fig.l1).
However, three mutations were discovered in a mutant screen which show gap-like deficiencies
in the anterior head region and are therefore called gap-like head genes. The three head gap-
like genes orthodenticle (otd), empty-spiracle (ems) and buttonhead (btd) are expressed early in
the blastoderm in an anterior stripe that in each case corresponds to the anlagen of the larval
head structures affected in the mutant. The early expression of otd, ems and btd is dependent
on the activity of the anterior maternal effect genes bicoid (bcd) and hunchback (hb) (reviewed in
Rogers and Kaufman, 1997). Analyses of mutant larval head cuticles and mutant embryos
stained with segmental marker genes showed that otd, ems and btd are required for overlapping

but not identical head structures. Otd is crucial for antennal- and pre-antennal (ocular- and labral
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segment) structures, ems for the intercalary, the antennal and also pre-antennal structures
(ocular segment) and btd is involved in the formation of the antennal, the intercalary and the

mandibular segment (see also Fig. 1).

Figure 1. Schematic view of head

I bid subdivision and head gap gene expression

| | domains in Drosophila melanogaster

I ofd (modified after Cohen and Jurgens, 1990;
Bucher and Wimmer, 2005).

head thorax Since the segmental or non-segmental

identities and  subdivisions of the

procephalon |gnathocephalon procephalon are still unclear (reviewed in
Finkelsten and Perrimon, 1991), the pre-

t?loczlanlie IMdl Ml b lTi I T2 ] T3 antennal subdivisions of the ocular and
labral region are indicated with a question

mark. (Abbrevations: Lr- labral segment,
Oc- ocular segment, An- antennal
segment, lc- intercalary segment, Md-
mandibular  segment, Mx-  maxillary
segment, Lb- labial segment, T- thoracic
segments).

non-Hox | Hox

non-pair-rule pair-rule patterning

Due to the combinatorial overlapping expression domains and function in head metamerization,
otd, ems and btd were thought to specify segmental identity (Cohen and Jirgens, 1990;
reviewed in Finkelstein and Perrimon, 1991). Later on, Grossniklaus et al. (1992 and 1994)
included a fourth gene into this combinatorial model. They showed that sloppy paired (slp) is
also expressed early in the blastoderm in an anterior stripe and it functions in the development
of the ocular-, the antennal- and mandibular segment. However, this combinatorial model seems
to be fragmentary because misexpression experiments for Dm btd and Dm otd did not alter head
segmentation (Wimmer et al., 1997; Gallitano-Mendel and Finkelstein, 1998). Further ideas for
an anterior head patterning mode distinct from trunk patterning mechanisms include the activity
and cross-regulatory interactions of the segment polarity genes wg and hedgehog (hh)
(Gallitano-Mendel and Finkelstein, 1999). Also a requirement for so called second-level
regulators, which act in the anterior head region like the helix loop helix transcription factor
collier (col), has been proposed (Crozatier et al., 1996 and 1999) (see also 2.3).

2.1.2 Anterior patterning mechanisms in other arthropods

The genetic interactions by which the insect head is patterned are still not completely
understood. This is mainly due to the high diversity of gene functions during head patterning in
the insects. In D. melanogaster, the maternal morphogen Bcd is located anteriorly in the embryo
and is the main anterior organizing factor. In weak bcd mutants, the head is missing whereas in

strong bcd mutants also thoracic and abdominal structures are missing (Frohnhofer and
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Nusslein-Volhard, 1986; Berleth et al., 1988). Since bcd is only found in higher dipterans (e.qg.
McGregor, 2005) anterior patterning gene networks seem different in diverse insects.

Analyses in the red flour beetle Tribolium castaneum demonstrated that otd is expressed
maternally and otd knockdown via RNA interference (RNAI) leads to headless embryos
(Schroder, 2003). Double knockdowns of otd and hb enhance the single otd phenotype and
drastically reduce the embryo to very few abdominal segments. It seems therefore that otd and
hb substitute for bed in T. castaneum.

Studies on otd function are also available in a non-insect arthropod, namely the common house
spider Achaearanea tepidariorum. Pechmann et al. (2008) could show that anterior
regionalization in the spider is mediated by dynamic spatio-temporal expression of hh and hairy
(h), which is controlled by otd. RNAI with otd disturbs this dynamic expression and affected
embryos show a lack of all structures anterior to the pedipalpal (tritocerebral) segment.

So far, the function and regulatory mechanisms of the D. melanogaster head gap-like gene btd
in other insects (and arthropods) are unclear. Recent results in T. castaneum suggest that btd
has no role in head development (Schinko et al., 2008), and to date btd homologs from other

arthropods had not been isolated.

2.2 The Sp family of transcription factors

The D. melanogaster head gap gene btd is a zinc finger transcription factor and belongs to the
Sp family of transcription factors. Members of the Sp family have been described in several
species (e.g. Suske et al., 2005; Zhao and Meng, 2005).

The general human transcription factor Sp1 (named after the original purification method through
sephacryl and phosphocellulose columns) was the first cloned and described binding site
specific transcription factor (Dynan and Tijan, 1983a; Dynan and Tijan, 1983b; Kadonaga et al.,
1987). Members of this transcription factor family share some highly conserved features. All Sp
factors possess three C2H2-type zinc fingers near the C-terminus, which bind to G-rich DNA
elements, such as GC- and GT-boxes (Kadonaga et al., 1987). Those elements are crucial for
proper activation of TATA-less promotors. It has been shown that these binding sites are present
in many control regions of both tissue specific and ubiquitously expressed genes (Philipsen and
Suske, 1999; Suske, 1999). This indicates that Sp factors potentially regulate a large number of
diverse target genes. Previous studies in vertebrate systems could show that members of the
Sp-family are involved in such diverse functions as the development of several organ systems,
control of morphogenetic pathways, cell cycle regulation and have also been linked to cancer
development (Marin et al., 1997; Black et al., 1999; Black et al., 2001; Nakamura et al., 2004;
Safe and Abdelrahim, 2005; Chen et al., 2006).
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Directly in front of the zinc-finger region is a motif located called Btd-box which seems to function
as a transactivation domain (Zhao and Meng, 2005). Further structural motifs, especially at the
N-terminus of the proteins, are specific for individual subgroups of the Sp-family. Based on these
structural motifs, Bouwman and Philipsen (2002) subdivided all human Sp factors into two major
groups, Spl-4 and Sp5-8. At the time, only eight Sp genes were known in the human genome.
Further annotations revealed a set of nine Sp genes in vertebrates like human, mouse, and
chick, whereas some fish genomes posses more Sp genes (e.g. 13 in zebrafish Danio rerio and
11 in the pufferfish Fugu rubripes) due to further partial genome duplications (e.g. Zhao and
Meng, 2005).

2.2.1 The vertebrate Sp1-4 group

Spl and Sp3 are expressed ubiquitously during mouse embryogenesis (Saffer et al., 1991;
Bouwman et al., 2000). Sp1 mutant mice are severely retarded in development, show a broad
range of abnormalities and die around day 11 of gestation (Marin et al., 1997). Sp3 mutant mice
also show growth retardation, show defects in late tooth development and die at birth due to
respiratory failure (Bouwman et al., 2000). Moreover, mouse Sp3 is involved in ossification
mechanisms (Gollner et al., 2001a). Sp2 is only known to be expressed in several mammalian
cell lines (Moorefield et al., 2004), but further insights into its biological function during vertebrate
development are still missing. Mouse Sp4 is also expressed ubiquitously, with slightly enhanced
expression in the CNS (Supp et al., 1996). Two-thirds of Sp4 mutant mice die within a few days
after birth. The others are retarded in growth and show deficiencies in mating behaviour (Gollner
et al., 2001b). These data reveal the importance of at least Spl, Sp3 and Sp4 during embryonic

development.

2.2.2 The vertebrate Sp5-9 group

In contrast to the ubiquitous expression of the vertebrate Sp1-4 group, genes from the vertebrate
Sp5-9 group show tissue-specific expression patterns. Data for Sp5 in vertebrates are available
from mouse and zebrafish. Mouse Sp5 expression is first detected in the primitive streak during
und throughout gastrulation. Afterwards, it is expressed in the tail bud, limb buds, otic vesicles,
the developing central nervous system, the pharyngeal region and at the mid-hindbrain
boundary (MHB) (Harrison et al., 2000; Treichel et al., 2001). Interestingly, Sp5 null mice did not
show any phenotype but Sp5 enhances the mouse Brachyury phenotype (Harrison et al., 2000).
This points to a complex role of Sp5 for proper expression of several target genes. Three Sp5
related genes are present in the genome of the zebrafish Danio rerio, namely Sp5 (also known

as btsl) (Tallafuss et al., 2001), Sp5-like (also known as spr2) (Zhao et al., 2003) and similar-to-
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Sp5. Dr Sp5 is expressed early in the ventral and lateral margins of the blastoderm, later in the
MHB, the tail bud, somites and otic vesicles (Tallafuss et al., 2001). Dr Sp5-like is expressed
similarly to Dr Sp5 with early expression domains additional to the epiblast also in hypoblast
cells and during later development in the tail bud, somites and in the brain (Zhao et al., 2003).
Loss- and gain-of-function experiments revealed that Dr Sp5-like mediates no tail (ntl)
expression. ntl is a downstream target of Fgf signalling and the zebrafish homolog of mouse
Brachyury (Zhao et al., 2003). Therefore, Sp5 homologs in mouse and fish seem to modify Fgf
signalling.

Mouse Sp6 is specifically expressed in the apical ectodermal ridge (AER) of the developing
limbs and in hair follicle cells (Scohy et al., 2000; Nakamura et al., 2004; Hertveldt et al., 2008).
Sp6 deficient mice are nude and show defects in skin, limbs (syndactyly and oligodactyly), teeth
and lung alveols. Mouse Sp7 (also known as osterix) is expressed in osteoblasts and
consequently, Sp7 null mice show defects in bone formation due to impaired osteoblast
formation (Nakashima et al., 2002; Milona et al., 2003; Kaback et al., 2008).

Data for Sp8 and Sp9 are available from mouse, zebrafish and chicken. Both genes are very
similar in expression and function. They are expressed in the AER and are essential for limb and
fin outgrowth in mouse, zebrafish and chicken (Bell et al., 2003; Treichel et al., 2003; Kawakami
et al., 2004; Griesel et al., 2006). Additional to the function in limb development, Sp8 is also
expressed in the MHB and is required for normal development of this region (Griesel et al.,
2006; Kawakami et al., 2004).

2.2.3 Insect Sp factors

As already mentioned, Sp factors are also present outside the vertebrates. However, there were
few data available regarding the function of Sp transcription factors in insects. In the genome of
D. melanogaster, there are three Sp genes: btd, D-Sp1l and CG5669.

Dm Btd was the first insect Sp transcription factor described and analyzed (Wimmer et al.,
1993). btd is expressed early in an anterior stripe and later in the central and peripheral nervous
system (Wimmer et al., 1993, Wimmer et al., 1996). Larval cuticles from btd mutant flies show
defects in the antennal, intercalary and mandibular segments (Cohen and Jirgens, 1990) (see
also 2.1).

A second Sp factor gene was isolated from D. melanogaster and due to its sequence similarity
to the (to that date the only other known vertebrate representative of the Sp family) human
transcription factor Sp1l it was termed D-Spl (Wimmer et al., 1996). Nowadays, we have access
to completely sequenced genomes and it turned out that D-Sp1l is more similar to the vertebrate
Sp5-9 group than to the Spl-4 group (Schaeper et al., 2009). The postblastodermal expression
pattern of D-Sp1 is similar to btd.
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It was shown that btd and D-Sp1l possess partially redundant functions in the peripheral nervous
system (Schock et al., 1999), but only btd is essential for early head development (Wimmer et
al., 1996). Estella et al. (2003) could show a redundant function of btd and D-Sp1l in leg- and
antennal imaginal disc development. The knockdown via RNAI of only one of the genes does not
severly affect antennal- and leg growth, whereas a reduction of both transcripts leads to strong
reduction of size of legs and antennae. Chromosomal analysis showed that btd and D-Sp1l are
located on the same cytogenetic band on the Drosophila X-chromosome. This fact and the
partially redundant function of both genes led the authors to propose that this gene pair arose
from a recent gene duplication (Wimmer et al., 1996; Schock et al., 1999). Supporting this, no
direct btd homologue could be found in vertebrates. Interestingly, the mouse Sp8 phenotype is
very similar to the Dm btd head phenotype. Therefore, mouse Sp8 was originally termed mBtd
(Treichel et al., 2003).

Beerman et al. (2004) isolated and described a D-Spl homologue in the red flour beetle
T. castaneum, called Tc Sp8. Tc Sp8 is expressed in the appendages and the nervous system,
and is involved in allometric limb growth. A btd gene was also isolated from T. castaneum. It is
expressed similar to Dm btd in an early stripe and late in the nervous system. RNAi experiments
however did not show any phenotype (Schinko et al., 2008).

Nevertheless, the origin and orthology of insect btd remained obscure and had to be elucidated.
Furthermore, no expression and functional data from other arthropod Spl-4 genes were

available.

2.3 Development of the arthropod tritocerebral head segment

In D. melanogaster the Sp family member BTD is required for activation of another head gene,
the so called second level regulator col (see Fig. 2) (Crozatier et al., 1996 and 1999). This
requirement of btd for col activation is another interesting point for investigating col function in
various arthropods. The segmental composition of the arthropod head is highly conserved
(Damen et al., 1998; Telford and Thomas, 1998) but the specific morphology of the head
segments itself can be quite diverse. The arthropod tritocerebral head segment, which gives rise
to the tritocerebrum, shows divergence in external appendages among this phylum (see Fig. 3).
Originally, this segment possessed a pair of appendages. In chelicerates and crustaceans, the
tritocerebral segment still carries appendages and is termed pedipalp-segment or second
antennal segment, respectively. However, in insects and myriapods, this segment lacks
appendages and is called intercalary segment or pre-mandibular segment, respectively. The

genetic mechanisms for absence or existence of appendages on this segment are not known.
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Despite differences in appearance of the tritocerebral segment, the anterior-most expressed Hox
gene, labial (lab), is expressed only in the tritocerebral segment in all four arthropod phyla
(reviewed in Hughes and Kaufmann, 2002). More molecular data have to be collected to reveal
the evolution of the appendage less state of this arthropod head segment. The D. melanogaster
gene collier (col) is expressed early in the blastoderm in the region of parasegment 0 (PSO0),
which gives rise to the posterior part of the intercalary and the anterior part of the mandibular
segment. Crozatier et al. (1999) suggested that Dm col functions as an intermediate regulator
downstream of the head gap-like genes to pattern the intercalary segment (see Fig. 2).
Therefore, collier should be a good candidate for further investigation of this particular part of the

arthropod head.

2.3.1 The COE family

Dm col (also known as knot) can be first detected at mitotic cycle 14 in PSO and is crucial for
head structure formation in this area (Crozatier et al., 1996; Crozatier et al., 1999; Seecoomar et
al., 2000). Later in development, col is expressed in the central and peripheral nervous system
(Crozatier et al., 1996; Baumgardt et al., 2007; Crozatier and Vincent, 2008), is crucial for
somatic muscle formation (Crozatier and Vincent, 1999; Dubois et al., 2007; Crozatier and
Vincent, 2008) and is involved in wing patterning (Nestoras et al., 1997; Vervoort et al., 1999;
Mohler et al., 2000; Crozatier et al., 2002; Hersh and Caroll, 2005).

Figure 2. Schematic view of regulatory
mechanisms controlling the formation of
the intercalary segment in Drosophila
melanogaster (taken from Crozatier et al.,
1999).

btd activates col in PSO in early
blastodermal stages, however col is
restricted by eve in PS1 and twist, snail in
PS(-1). Later on, col activates cnc and hh
expression in the intercalary segment, hh
regulates wg activation. Therefore, col is
required for the establishment of segment
st10 polarity gene expression in the intercalary

segment.
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Members of the COE family (named after the factors Collier/OIf/EBF) can be found throughout
the metazoan taxon and are involved in a variety of processes during embryonic development.

In vertebrates, several paralogous of the COE family are present. Fish, frog and chicken
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possess three members of the COE family, four COE members are present in mammals (mice
and humans). In invertebrates and also in the cnidarian Nematostella vectensis, only one single
orthologue of the COE family can be found (reviewed in Dubois and Vincent, 2001; Liberg et al.,
2002). Mouse OIf-1/EBF-1 is necessary for B-cell differentiation (reviewed in Liberg et al., 2002).
Moreover, OIffEBF in mouse is expressed in immature olfactory neuronal precursors, in the
developing nervous system and mature neurons of the adult olfactory epithelium (reviewed in
Dubois and Vincent, 2001). It was also shown that mouse and chicken ebfl, ebf2 and ebf3 are
involved in limb development (Mella et al., 2004).

The Caenorhabditis elegans COE representative unc-3 plays a role in ventral nerve cord
development, axonal guidance and chemosensory neuron differentiation (Prasad et al., 1998).
Similarly, the N. vectensis coe homolog seems to be also involved in chemoreception (Pang et

al., 2003). Taken together, these data indicate an ancestral role of COE factors in

chemoreception.
CHELICERATA MANDIBULATA Figure 3. Schematic view of arthropod head
Insecta structures  (modified after Scholtz and
Crustaced Edgecombe, 2006). The protocerebral/ocular

Myriapoda
o region (the segmental nature of which
disputed) is marked in blue, the deutocerebral
segment is marked in red and the tritocerebral
segment in green. Structures of the central
nervous system are shaded in yellow.
The deutocerebral segment corresponds to the
cheliceral segment in chelicerates, to the first
antennal segment in crustaceans and to the
antennal segment in insects and myriapods. In
chelicerates and crustaceans, the tritocerebral
segment carries a pair of appendages and is
termed pedipalpal segment and second
antennal segment, respectivley. In insects and
myriapods, the tritocerebral segment lacks
appendages and is called intercalary and pre-
manibular segment, respectively.
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Introduction

2.4 Research objectives

Despite the conserved segmental composition of the head among the arthropods (Damen et al.,
1998; Telford et al., 1998), the anterior patterning mechanisms are poorly understood. In this
study, homologs of the D. melanogaster head gap-like gene btd and further Sp family members
were isolated from different arthropods. The aim was to reveal a putative conserved role in head
development for Sp factors. Moreover, the evolution of Sp transcription factor genes in the
Metazoa had to be reconstructed in order to investigate the debated origin and homology of
insect btd to vertebrate Sp factors.

Hence, a broad screen for Sp factors in already sequenced genomes of different metazoan
species was carried out. Additionally, Sp factor genes were isolated from different arthropod
species such as representatives of holometabolous insects like the fruitfly D. melanogaster and
the red flour beetle T. castaneum, from the hemimetabolous insect Oncopeltus fasciatus
(milkweed bug), the basal Hexapods Thermobia domestica (firebrat) and Folsomia candida
(white springtail), and the crustacean Parhyale hawaiensis (amphipod). For all isolated Sp
genes, the spatio-temporal expression pattern had to be determined (see 3.1) and where it was
possible, loss of function experiments via RNA interference were performed (see 3.2 and 3.3).
Therefore, for O. fasciatus and T. domestica, animal husbandry, embryo fixation and in situ
hybridisation procedures as well as RNAI techniques for O. fasciatus had to be improved to our
lab conditions. For the springtail F. candida, embryo fixation and in situ hybridisation procedure
had to be newly established. To gain insight into the possible ancestral function of Sp factors,
these genes had to be isolated from the cnidarian N. vectensis and stained by in situ
hybridization (see 3.4). As another criterion to reveal the homology among various Sp factors,
the Sp protein domains and the genomic location had to be compared.

To further analyze arthropod head segmentation and the origin of the appendage-less state of
the tritocerebral segment, the D. melanogaster btd-controlled second level regulatory gene
collier was chosen. Therefore, col homologues had to be isolated from different arthropod
classes. We chose T. castaneum, the hemimetabolous insect O. fasciatus, P. hawaiensis as a
crustacean representative and from the chelicerate group the common house spider
Archaearanea tepidariorum. Data from the spatio-temporal expression pattern as well as RNAI

data from the insect representatives had to be gained (see 3.5).
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3 Results

Each chapter within the results section starts with a one-page description of:
» The aim of the particular manuscript in the context of the thesis as a whole.

 The status of the manuscript

» The author’s contribution to the practical work

12



Results

3.1 A clustered set of three Sp-family genes is ancestral in the Metazoa: evidence
from sequence analysis, protein domain structure, chromosomal location and

developmental expression patterns.

The purpose of this work was to reconstruct evolution and origin of the Sp transcription factor
family using evidence from phylogenetic sequence analysis and protein domain structure. This
also included the isolation of Sp genes from different arthropod species and the analysis of their
spatio-temporal expression pattern. In order to be able to also include expression data from Sp
genes of the basic hexapod Folsomia candida, the whole-mount in situ hybridization technique
had to be newly established for this springtail species.

Furthermore, this analysis also included the broad search for Sp factors in already sequenced
and available genomes of different metazoan species and the comparison of their chromosomal

location.
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Abstract

Background

The Sp-family of transcription factors are evolutionarily conserved zinc finger proteins present in
many animal species. The orthology of the Sp genes in different animals is unclear and their
evolutionary history is therefore controversially discussed. This is especially the case for the Sp
gene buttonhead (btd) which plays a key role in head development in Drosophila melanogaster,
and has been proposed to have originated by a recent gene duplication in the dipteran lineage.
The purpose of this study is to trace orthologs of btd in other insects and reconstruct the
evolutionary history of the Sp genes within the metazoa.

Results

We isolated Sp genes from representatives of an holometabolous insect (Tribolium castaneum),
an hemimetabolous insect (Oncopeltus fasciatus), primitively wingless hexapods (Folsomia
candida and Thermobia domestica), and an amphipod crustacean (Parhyale hawaienis). We
supplemented this data set with data from fully sequenced animal genomes. We performed
phylogenetic sequence analysis with the result that all Sp factors fall into three monophyletic
clades. These clades are also supported by protein domain structure, chromosomal location,
and gene expression. We show that clear orthologs of the D. melanogaster btd gene are present
even in the basal insects, and that the Sp5-related genes in the genome sequence of several
deuterostomes and the basal metazoans Trichoplax adhaerens and Nematostella vectensis are
also orthologs of btd.

Conclusions

All available data provide strong evidence for an ancestral cluster of three Sp-family genes as
well as syntheny of this Sp cluster and the Hox cluster. The ancestral Sp gene cluster already
contained a Sp5/btd ortholog, which strongly suggests that btd is notthe result of a recent geen

duplication, but directly traces from an ancestral gene already present in the metazoan ancestor.

Background

Zinc finger transcription factors are a large and widespread family of DNA binding proteins and
play an important role in transcriptional regulation [e.g. Suske et al., 2005]. The general
transcription factor Spl (named after the original purification method through sephacryl and
phosphocellulose columns) was the first identified and cloned binding specific human
transcription factor [Dynan and Tijan, 1983a; Dynan and Tijan, 1983b; Kadonaga et al., 1987]. In
the meantime a number of additional genes related to Spl have been identified in the human
genome, and homologous genes have been isolated from several other animal species as well

(e.g. [Suske et al., 2005; Zhao and Meng, 2005]). The members of this Sp-family of transcription
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factors share three highly conserved Cys2His2-type zinc fingers, which bind to G-rich DNA
elements, such as GC-boxes (GGGGCGGGG) and GT/CACC-boxes (GGTGTGGGG) [3
Kadonaga et al., 1987]. These binding sites are present in many control regions of both tissue-
specific and ubiquitously expressed genes [Philipsen and Suske, 1999; Suske, 1999] indicating
that Sp-family transcription factors potentially regulate a large number of target genes. Indeed, it
was shown that Sp-family transcription factors have diverse functions throughout the embryonic
development of humans and other animals. For instance, in vertebrates they are involved in cell
cycle regulation, the control of morphogenetic pathways, the development of several organ
systems, and they also have been linked to the development of cancer [e.g. Wimmeret al., 1996;
Marin et al., 1997; Black et al., 1999; Black et al., 2001, Treichel et al., 2001; Treichel et al.,
2003; Kawakami et al., 2004; Nakamura et al., 2004; Safe and Abdelrahim, 2005; Zhao and
Meng, 2005; Chen et al., 2006]. In the fly Drosophila melanogaster, the gene buttonhead (btd)
codes for a member of the Sp-family, which represents an important factor for the formation of
several head segments and is also involved in the development of the central and peripheral
nervous system [Cohen and Jurgens, 1990; Wimmer et al., 1993; Wimmer et al., 1996; Schock
et al., 1999].

The number of Sp-family genes present in the genome varies in the Metazoa. Humans and
mice, for example, have nine Sp-family genes [Zhao and Meng, 2005], and some teleost fishes
have even more (11 in the pufferfish Fugu rubripes [Aparicio et al., 2002], 13 in the zebrafish
Danio rerio [zebrafish sequencing project]). From D. melanogaster two Sp-family genes have
been reported, btd and D-Spl [Wimmer et al.,, 1996], but a third one is present in the fully
sequenced genome sequence. This variable complement of Sp-family genes and their
evolutionary diversification make it difficult to assign orthology between the genes of different
species. Therefore, the ancestral number of Sp-family genes and the evolution and orthology of
the hitherto identified Sp-family genes was unclear. This situation also led to a considerable
confusion in the nomenclature of the Sp-family genes and to several unfortunate designations of
not directly homologous Sp-family members with homonymous names thus misleadingly
suggesting orthology. D. melanogaster D-Spl is not mostly related to human Spl but Sp8
[Beerman et al., 2004] and the originally termed mouse mBtd is Sp8 [Treichel et al., 2003].

Especially the origin and orthology of the D. melanogaster head gap gene btd is debated.
Previous studies discovered functional similarities between btd and some vertebrate Sp genes,
but could not confidently identify a genuine btd orthologue in vertebrates [Tallafuss et al., 2001;
Treichel et al., 2003; Nakamura et al., 2004], and it had been proposed that the btd gene might
be the result of a recent gene duplication when another Sp-family gene, D-Spl, in the vicinity of
btd was discovered [Wimmer et al., 1996; Schock et al., 1999]. This gene is not only located

directly next to btd, but the two genes also have similar postblastodermal expression patterns

16



Results

and partially overlapping developmental functions [Wimmer et al., 1996; Schock et al., 1999]. All
this suggested that btd evolved by a tandem duplication in the phylogenetic lineage leading to D.

melanogaster.

In order to reconstruct the evolution of the Sp-family genes, we have first tried to trace homologs
of btd in other insects. We have surveyed not only additional dipterans and other
holometabolous insects, but we have also searched for Sp-family genes in representatives of
hemimetabolous insects (the heteropteran Oncopeltus fasciatus) and the primitively wingless
ectognathous and entognathous hexapods (the zygopteran Thermobia domestica and the
collembolan Folsomia candida, respectively). We could identify clear orthologs of the D.
melanogaster btd gene in these basal haxapods, indicating that the proposed gene duplication
did not take place recently within the insects. We have therefore performed a comprehensive
study of Sp-family gene evolution based on phylogenetic sequence analysis, protein domain
structure characteristics, genomic localisation, as well as spatio-temporal mMRNA expression
analysis. Our phylogenetic analysis shows that the available Sp-family factors fall into three
large clades and that a true btd ortholog is already present in the basal metazoans Trichoplax
adhaerens and Nematostella vectensis. The proteins in each clade also display similar structural
characteristics and often form a cluster of three genes in the genome. Intriguingly, the available
data suggest that this Sp gene cluster has been ancestrally linked to the Hox gene cluster and in
the vertebrates appears to have been affected by the multiple duplications of this cluster. This
syntheny and co-evolution of the Hox and the Sp clusters in the vertebrates also explains the
high number of Sp-family genes in this animal group. Our analysis suggests that a clustered set
of three Sp-family genes is ancestral in the Metazoa, and this Sp gene cluster has been

originally linked to the Hox gene cluster.

Results and Discussion

A search for Sp-family genes in insects and crustaceans

As mentioned in the introduction, previous work had suggested that D. melanogaster possesses
two closely related Sp genes, btd and D-Spl [Wimmer et al.,, 1993; Wimmer et al., 1996].
However, a search in the fully sequenced D. melanogaster genome revealed the presence of an
additional gene, CG5669, with high similarity to btd and D-Spl. This complement of three Sp-
family genes could be the result of a recent gene duplication [Wimmer et al., 1996; Schock et al.,
1999]. In order to identify when such a gene duplication event might have occured, we sought to

identify the number of Sp-family genes in additional insect species.
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We searched the genome sequence of selected insect species with fully sequenced genomes.
In addition we performed PCR-based surveys in specially selected additional species. In the
Diptera, a complement of three Sp-family genes seems to be the rule: in the genome sequences
of Drosophila pseudobscura and the mosquito Anopheles gambiae we found three different Sp-
family genes each. We then searched in the genomes of species outside the Diptera. In the
lepidopteran Bombyx mori (silk moth), the hymenopterans Apis mellifera (honeybee) and
Nasonia vitripennis (jewel wasp), and the coleopteran Tribolium castaneum (flour beetle) we
also detected three Sp-family genes each. This taxon sampling included only holometabolous
insects and we have therefore also isolated cDNA fragments of Sp-family genes from
representatives of the hemimetabolous and the primitively wingless hexapods. In the higher
hemimetabolous heteropteran O. fasciatus (milkweed bug), we were able to isolate two different
Sp-family gene fragments. The Zygentoma represent the youngest branch of the primitively
wingless insects. We have used the zygentoman T. domestica (firebrat), from which we could
isolate three different Sp-family gene fragments. The Collembola are members of the most basal
branch of the primitively hexapods (Entognatha). In the collembolan F. candida (white springtail)

we were also able to detect three different fragments of Sp-family genes.

These results show that a complement of three Sp-family genes is present in all studied
hexapod species, except for O. fasciatus for which the genome sequence is not available and a
third Sp-family member may have been missed in our PCR-based search. We have then tried to
establish the number of Sp-family genes in the Crustacea, which phylogenetically is the sister
group of the insects according to recent analyses (e.g. [Friedrich and Tautz, 1995; Dohle, 1997;
Dohle, 2001; Budd and Telford, 2009]). The waterflea Daphnia pulex is a member of the
Branchiopoda, a group of crustaceans with a primarily limnic lifestyle. In the fully sequenced
genome of D. pulex we detected the presence of three different Sp-family genes. The
Malacostraca (higher crustaceans) are a group of primitively marine species. We have used
PCR to isolate Sp-family gene fragments from the malacostracan Parhyale hawaiensis
(beachhopper), which yielded two different fragments. However, as with the results for O.
fasciatus the PCR survey may have missed an additional Sp-family gene in P. hawaiensis.

Taken together, these results strongly suggest that a complement of three different Sp-family
genes is ancestral in the arthropods. Interestingly, three different Sp-family genes are also
present in the fully sequenced genomes of the basal chordate Branchiostoma floridae, and the
echinoderm Strongylocentrotus purpuratus. Three different Sp-family genes are also present in
the fully sequenced genomes of the cnidarian N. vectensis, and the placozoan T. adhaerens -
both representing basal branches in the metazoan phylogenetic tree. This could be taken as
evidence that the possession of three Sp-family genes is ancestral in the Metazoa. On the other

hand, the high number of Sp-family genes in the genomes of vertebrates (e.g. nine Sp-family
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genes in humans and mice, 7 in the chicken, and more than 10 in fish), indicates that the Sp-
genes can be subject to frequent duplications. Thus, the "triplets" in insects, cnidarians,

placozoans, echinoderms, and basal chordates might as well have originated independently.

Phylogenetic analysis of Sp-family genes supports three large clades

In order to distinguish between a possible ancestral set of three Sp-family genes and the
alternative possibility of several independent duplication events, we reconstructed the
evolutionary history of selected Sp-family factors and assigned orthology by phylogenetic
sequence analysis. We used the amino acid sequence of the region including the Btd box, the
three zinc fingers and the sequence in between these two domains of all available Sp-family
factors of Homo sapiens (human), Mus musculus (mouse), Gallus gallus (chicken), D. rerio
(zebrafish), F. rubripes (pufferfish), B. floridae (lancelet), S. purpuratus (sea urchin), T.
adhaerens (placozoan), N. vectensis (sea anemone), and the insect and crustacean species
mentioned above in a maximum likelihood analysis with the Tree Puzzle program package. The
resulting unrooted tree is shown in Fig. 1, used protein sequences in Fig. S1. The tree
comprises three large monophyletic groups. One clade contains Spl, Sp2, Sp3 and Sp4 of the
vertebrate species and a single Sp representative of each of the invertebrate species. We term
this clade the Sp1-4 clade. The second clade contains Sp5 of the vertebrate species and again a
single Sp representative of each of the invertebrate species, except for O. fasciatus and P.
hawaiensis for which we failed to obtain three different Sp-family genes in our PCR survey.
Because this clade also contains the well-known Btd from D. melanogaster, we call this clade
the Sp5/Btd clade. The third clade contains Sp6, Sp7, Sp8, and Sp9 of all vertrebrate species
and a single Sp representative of each of the invertebrates. We call this clade the Sp6-9 clade.
In order to facilitate the unique identification of the genes, we refer to all genes (except those
that already have an official name) using the clade name to which they belong in our
phylogenetic analysis. The distribution of a single Sp factor of each invertebrate species to each
of the three clades strongly suggests that a set of three Sp-family genes, namely one Sp1-4, one
Sp5/btd and one Sp6-9 gene, is the ancestral state in the Metazoa and that the higher number in

vertebrates resulted from independent duplications in the vertebrate lineage.

Protein structure supports the existence of two large groups of Sp factors

We next tried to gather additional evidence for a grouping of all Sp-family factors into three large
clades. It had been noted previously that the Sp proteins contain additional structural domains

besides the zinc fingers and Btd box [e.g. Bouwman and Philipsen, 2002]. A large portion of the
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N-terminal end of the proteins is enriched for certain amino acid residues. We have therefore
compared the composition of Sp proteins from human, sea anemone, and selected arthropods
(Fig. 2). The proteins of the Sp1-4 clade are longer proteins characterized by a (mostly) bipartite
glutamine-rich region divided by a region enriched mostly for serine and threonine. These
proteins form a well recognizable grouping that we call Sp1-4 group. The structure of the Spl1-4
group is clearly different from the Sp proteins of the Sp5/Btd and Sp6-9 clades (Fig. 2). These
two clades contain shorter proteins (on average), and are more similar to each other than each
is to the Sp1-4 group and we therefore group the two clades together in a grouping that we call
Sp5-9/Btd group. The N-terminal end of these proteins contains only a single long region
enriched for serine and/or proline. However, we note a trend in the Sp5/Btd clade towards the
accumulation of more proline, whereas in the Sp6-9 clade there is a clear trend towards
accumulating serine and threonine in the N-terminal portion. Thus, the protein structure data
also support the existence of three different groups of Sp-factors, but suggest that the Sp5/Btd

clade and the Sp6-9 clade are more closely related.

Chromosomal location of Sp genes suggest an ancestral triplet

We have also established the location of the Sp-family genes in the genomes of fully sequenced
and sufficiently annotated metazoan species; a schematic overview is shown in Fig. 3 and the
exact locations are given in Table 1. Intriguingly, in the basal metazoan N. vectensis all three
Sp-family genes are located next to each other on a single scaffold (scaffold 53). This situation is
fully compatible with the notion that a triplet consisting of one Sp1-4, one Sp5/Btd, and one Sp6-
9 gene is ancestral in the Metazoa. The close proximity of the genes on a single scaffold
suggests that the Sp-family genes form a gene cluster of closely related genes evolved by
tandem gene duplication similar to the genes in the Hox gene cluster. Ryan et al. [2007] and
Putnam et al. [2007] have used the scaffold data of N. vectensis to reconstruct ancestral
metazoan linkage groups (a kind of "ur-chromosomes"). Interestingly, the Sp cluster of N.
vectensis is located next to the majority of the N. vectensis Hox genes on the hypothetical
ancestral linkage group PAL A (Fig. 3, top) [Putnam et al., 2007]. Only the two Hox genes on
scaffold 4 are not included in the PAL A. This suggests that the Sp gene cluster and the Hox
gene cluster were ancestrally located next to each other and might have kept their syntheny and
co-evolved. The Sp genes are located close to the Hox gene cluster in other animals as well
(see also [Bouwman and Philipsen, 2002; Abbasi and Grzeschik, 2007]. Intriguingly, in humans,
a triplet of one Sp1-4, one Sp5/btd, and one Sp6-9 gene, namely Sp3, Sp5, and Sp9, is linked to
the Hox D cluster and the remaining human Sp genes are arranged in duplets of one Spl1-4 and
one Sp6-9 gene, which are linked to the remaining 3 Hox clusters respectively (Fig. 3, center). In

D. melanogaster and A. gambiae only the Sp6-9 clade gene is linked to the Hox gene cluster,
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while the remaining two genes are located close to each other on the X chromosome (Fig. 3,
bottom). These two genes are also located close to each other on another chromosome than the
Hox gene cluster in A. mellifera, T. castaneum and the crustacean D. pulex. In addition, the Sp1-
4 gene representative is also not linked to the Hox cluster, although this is not fully established
for A. mellifera and T. castaneum, because the Spl-4 gene is annotated within unassembled
reads not placed in the assembled chromosome. The genomes of S. purpuratus, B. floridae and
T. adhaerens are not yet fully assembled, but preliminary analysis provided additional evidence
for Sp-family gene clustering in these species as well. In S. purpuratus the Sp1-4 and Sp5/btd
genes are located on the same scaffold. In both B. floridae (see also [Shimeld, 2008]) and T.
adhaerens the Sp5/Btd and Sp6-9 genes are located on the same scaffold (see also [Materna et
al., 2006]). Whether the Sp-family genes are also linked to the Hox genes in S. purpuratus (see
[Howard-Ashby et al., 2006]), B. floridae (see [Takatori et al., 2008; Holland et al., 2008]), or T.

adhaerens (see [Schierwater et al., 2008]) has to await the full assembly of the scaffolds.

Embryonic expression patterns of insect and crustacean Sp genes

All available data collectively and consistently suggest that a small Sp gene cluster comprising
three Sp genes is ancestral in the Metazoa and that the triplets present in the insects derive from
these ancestral three genes, i.e. the genes in the respective clades are orthologous. This argues
against the alternative hypothesis that the sets of three Sp genes in the different insect species
originated by independent duplication events. As a final test of the orthologous nature of the
three Sp genes in the different insect species we compared their expression patterns during
embryogenesis by in situ hybridization. We reasoned that the genes of the same clade should
show similar expression patterns in all species if they were true orthologos, but show different
patterns if they originated through unrelated duplication events. In the following we compare the
expression data from insects, the crustacean P. hawaiensis and published data from vertebrates

arranged according to the three Sp-gene clades.

The genes of the Spl-4 clade: CG5669, which is the D. melanogaster representative of this

clade, is maternally contributed (Fig. 4A) and then expressed ubiquitously throughout
development (Fig. 4B, C). In T. castaneum the Sp1-4 gene is expressed ubiquitously throughout
development as well (Fig. 5A-C). The same is true for the Sp1-4 gene of O. fasciatus (Fig. 6A-
C), T. domestica (Fig. 7A-C) and F. candida (Fig. 8A, B). In the crustacean P. hawaiensis the
Spl-4 gene is also expressed ubiquitously throughout all studied developmental stages (Fig. 9A-
C). The members of this clade from the mouse have not all been studied as to their embryonic
expression pattern, but data are available for murine Spl, Sp3 and Sp4 [Saffer et al., 1991;
Supp et al., 1996; Bouwman et al., 2000; Gollner et al., 2001a; Godllner et al., 2001b]. All three
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genes are expressed ubiquitously during development. Taken together, these data show that all
analyzed members of this clade are expressed in a similar ubiquitous fashion, strongly

supporting the orthology of the genes.

The genes of the Sp5/btd clade: The expression of btd (the D. melanogaster representative of

the Sp5/btd clade) has been reported previously [Wimmer et al., 1993, Wimmer et al., 1996].
The gene is first expressed in an anterior head stripe (Fig. 4D) and a dorsal spot appears slightly
later (Fig. 4E). The head stripe is roughly located in the area of the intercalary and mandibulary
segment and later abuts the cephalic furrow (Fig. 4F). Later a metameric (segmentally repeated)
pattern emerges that might be correlated with segment formation and peripheral nervous system
development (Fig. 4G-I) [Wimmer et al., 1996; Schock et al., 1999]. Furthermore, Dm btd is
expressed in the imaginal discs of legs and antennae [Wimmer et al.,, 1996; Estella et al.,
2003]The expression of the T. castaneum btd gene has been published before [Schinko et al.,
2008] and is very similar to the D. melanogaster btd pattern: Tc-btd is expressed in an early
head stripe in the area of the intercalary and mandibulary segment (Fig. 5D) and later a
metameric pattern emerges (Fig. 5E). In older stages the gene is also expressed in the
appendages and in the nervous system (Fig. 5F). The expression pattern of Sp5/btd in T.
domestica is very similar to the T. castaneum btd pattern. In the early blastoderm the gene is
expressed in an anterior stripe (Fig. 7D), that lies in the intercalary/mandibulary area in slightly
more advanced germ band stage embryos (Fig. 7E). Later a metameric pattern emerges (Fig.
7F, G) and in older stages expression in the nervous system and, weakly, in the appendages is
detected (Fig. 7H). In F. candida we were not able to detect an early head stripe for Sp5/btd,
because our fixation protocol did not allow us to fix blastoderm stages of this species. The later
expression pattern of Sp5/btd in F. candida is very similar to the other insects: there is a
metameric expression (Fig. 8C, D), a weak expression in the appendages (Fig. 8D), and
expression in the nervous system (Fig. 8E).

There are 3 genes related to Sp5 in the zebrafish genome. Sp5 (also known as btsl) [Tallafuss
et al., 2001], Sp5-like (also known as spr2) [Zhao et al., 2003] and similar-to-Sp5. Sp5 in
zebrafish is expressed in a head stripe along the midbrain-hindbrain boundary, in the otic
vesicles, diencephalon, tail bud, and in the somites [Tallafuss et al., 2001]. Zebrafish Sp5-like
expression is partially overlapping the Sp5 expression in ectodermal and mesodermal tissue, the
brain, trunk neural crest cells, and somites [Zhao et al., 2003]. Mouse Sp5 is also expressed in a
head stripe at the midbrain-hindbrain boundary, in the primitive streak, and later in the tail bud,
otic vesicles, limb buds, the developing central nervous system, somites and pharyngeal region
[Harrison et al., 2000; Treichel et al., 2001]. In summary, the expression of the genes in this
clade are highly similar in the insects and clear similarities also exist to the expression in the

vertebrates. This again supports the orthology of the genes in this clade.
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The genes of the Sp6-8 clade: The expression of D-Spl (the D. melanogaster representative of
the Sp6-9 clade) has been published previously [Wimmer et al., 1996; Schock et al., 1999]. The

gene is maternally contributed (Fig. 4J), and earliest embryonic expression is seen in the brain
(Fig. 4K, L). Later, strong expression is seen in the limb primordia of the antennae and legs (Fig.
4M, N) and in a punctate pattern in the ventral nerve cord (Fig. 40). The expression of the T.
castaneum Sp8 gene has been reported earlier [Beermann et al.,, 2004]. Like the D.
melanogaster D-Spl gene, the T. castaneum Sp8 gene is expressed in the brain, ventral nerve
cord, and the limb buds (Fig. 5G, H). In the growing legs the gene is expressed in a pattern
comprising several rings (Fig. 5H) [Beermann et al., 2004]. The gene Sp8/9 from O. fasciatus
has been published recently [Schaeper et al., 2009]. Sp8/9 is expressed in the brain, in a
punctate pattern in the ventral nerve cord and in the limbs (Fig. 6D). Similar to the legs in older
T. castaneum embryos, the O. fasciatus Sp8/9 gene is expressed in several rings in the legs
(Fig. 6E). The Sp6-9 gene from T. domestica is expressed in the limb buds (Fig. 71, J) and later
in at least two rings in the legs (Fig. 7K, L). In young segments that have just separated from the
growth zone there is a stripe of Sp6-9 expression and in older segments the gene is expressed
in a punctate pattern in the ventral nerve cord. There is also an expression domain in the brain.
In the springtail F. candida the Sp6-9 gene is expressed in the brain and in a punctate pattern in
the ventral nervous system (Fig. 8F-H). The gene is also expressed in the limb buds (Fig. 8F-H)
and at later stages in two separate rings in the legs (Fig. 8l). These data show that the
embryonic expression pattern of the Sp6-9 representatives is very similar in all studied insect
species. These similarities extend to the crustaceans as shown by Sp6-9 expression in P.
hawaiensis. In this species the gene is expressed in the limb buds (Fig. 9D, E) and at later
stages in the peraeopods and in the two branches of the pleopods and the first two pairs of
uropods (Fig. 9F). In addition, there is a punctate expression pattern in the ventral nerve cord
(Fig. 9F).

Expression data for the members of this clade are also available from vertebrates. Intitial RT-
PCR analysis of mouse Sp6 expression suggested expression in all tissues studied [Scohy et
al., 2000], but later studies showed a specific expression pattern in hair follicles and the apical
ectodermal ridge (AER) of the developing limbs [Nakamura et al., 2004; Hertveldt et al., 2008].
Consequently, Sp6 null mice are nude and show defects in skin, teeth, limbs (syndactyly and
oligodactyly), and lung alveols. Sp7 (also known as osterix) is so far only documented to be
expressed in the osteoblasts. Bone formation fails in Sp7 deficient mice due to impaired
osteoblast differentiation [Nakashima et al., 2002; Milona et al., 2003; Kaback et el., 2008]. Apart
from expression domains in the nervous system (brain) both Sp8 and Sp9 are predominantly
expressed in the AER of the limbs in mouse, chick and zebrafish and are essential for limb and
fin outgrowth [Bell et al., 2003; Treichel et al., 2003; Kawakami et al., 2004; Griesel et al., 2006].

In summary, the expression patterns of the genes in this clade are strikingly similar in the insects
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and crustaceans and very similar expression patterns also exist in some vertebrate

representatives of this clade, again supporting the orthology of the genes in this clade.

Summarizing the available gene expression data it is evident that the gene expression profiles of
the arthropod and vertebrate members within each clade are very similar. This lends further
support to our notion that the Sp-family genes in the Metazoa fall into three monophyletic clades
that each derives from a single ancestral gene from a cluster comprising three genes. The
ubiquitous pattern of the Sp1-4 genes separates them from the Sp5/btd and Sp6-9 genes that
display more complex expression patterns frequently comprising at least domains in the nervous
system, limbs and segments. This observation fully agrees with our analysis of protein structure
that also suggests that the Sp5/btd clade and the Sp6-9 clade form a larger grouping of closely
related genes (the Sp5-9 group), which this suggests that the Sp5/btd and Sp6-9 genes derive

from a common ancestral gene.

Conclusions

All available data suggest that a set of three Sp-family genes comprising one Spl-4 gene, one
Sp5/btd, and one Sp6-9 gene, is ancestral in the Metazoa (Fig. 10). No data are yet available
from the most basal metazoan group, the Porifera (sponges), but at least two Sp-family genes
are linked in the basal metazoan T. adhaerens. This can serve as evidence that the Sp-family
triplet formed a small gene cluster already in the basal metazoan (Fig. 10, "metazoan grade"),
but it is unclear whether this Sp gene cluster was initially linked to the Hox gene cluster. It is still
debated whether T. adhaerens has any true Hox genes and, if yes, how many, but at least the
Trox-2 gene appears to be a genuine Hox gene homolog [Srivastava et al. 2008]. Thus, T.
adhaerens appears to represent an evolutionary grade before the evolution of the Hox gene
cluster, but it is yet unclear whether the single T. adhaerens Hox gene is physically close to the

Sp-family genes.

The Eumetazoa ancestor already possessed a triplet cluster of Sp-family genes (Fig. 10,
"eumetazoa grade") as evidenced by the three closely linked Sp genes in the genome of the sea
anemone N. vectensis. This cnidarian species has eight Hox genes of which only four appear to
be clustered. It is debated whether the Cnidaria represent a grade before or after the formation
of a true Hox gene cluster, but recent analyses strongly suggest that the ancestral Cnidarian had
indeed a genuine Hox gene cluster comprising at least one anterior and one posterior Hox gene
[Ryan et al., 2007; Hejnol and Martindale, 2009]. These seem to have been independently
duplicated and partially removed from the original cluster during cnidarian evolution leading to

the dispersed set of 8 Hox genes in N. vectensis [Ryan et al., 2007]. None of these Hox genes in
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N. vectensis is on the scaffold that contains the Sp genes, but comparative genomics studies
suggest that the four clustered Hox genes and the Sp gene cluster are located next to each
other (on the so called "PAL A") [Putnam et al., 2007]. Thus, the Eumetazoa ancestor likely
possessed a Sp gene cluster linked to the primordial Hox gene cluster (Fig. 10, "eumetazoan

grade").

In the Bilateria the Hox cluster underwent further elaboration by gene duplications, whereas the
nearby Sp gene cluster preserved the ancestral number of three genes. Nevertheless, the
evolution of the Hox cluster influenced the evolution of the Sp cluster in different ways in
different bilaterian lineages. In the insects for example, the Sp gene cluster became partially
independent from the Hox gene cluster by the relocation of the Sp5/btd and the Sp6-9 gene (Fig.
10, top right). In the dipterans the Sp1-4 gene is still linked to the Hox gene cluster, but in other
insects (and in the crustacean D. pulex) the Sp1-4 gene appears to have become detached from
the Hox gene cluster as well. In the vertebrates, the Hox gene cluster was duplicated several
times leading to a total set of four Hox gene clusters [Kappen et al., 1989], and the nearby Sp
gene cluster evidently was duplicated along with the Hox gene cluster (Fig. 10, top left).
Additional partial genome duplications have occurred in the teleost fishes [Taylor et al., 2001;
reviewed in Venkatesh, 2003] likely accounting for the additional Sp genes (e.g. in D. rerio and
F. rubripes). In summary, our results show that the btd gene did not originate from a recent
duplication in the arthropods (or even in the insects only), but traces back to an ancient Sp5/Btd

gene already present in basal metazoans.

Methods

Arthropod husbandry, embryo collection and fixation

The O. fasciatus (milkweed bug) culture was kept as described in Hughes and Kaufman [2000].
Embryos of all stages were fixed as reported previously [Liu and Kaufman, 2004a]. Dissections
of milkweed bug embryos were performed under a fluorescence stereomicroscope using SYTOX
Green nucleic acid stain (Invitrogen) before in situ staining [Liu and Kaufman, 2004b]. T.
domestica (firebrat) were cultured as described in Rogers et al. [1997] with some modifications.
Firebrats were kept in plastic containers in an incubator at 36°C and fed with oatmeal. For better
handling especially of very young embryos during the dissection procedure, firebrat eggs were
first boiled for 1 min in a waterbath and cooled on ice for 1 min. Afterwards, embryos were fixed
for 1 h in fixative (4% formaldehyde in phosphate buffered saline and 0,1% Tween-20). Embryos
were stained with SYTOX Green nucleic acid stain and dissected as described for O. fasciatus

[Liu and Kaufman, 2004b]. F. candida (white springtail) were raised at room temperature in
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plastic containers with a thin layer of plaster mixed with charcoal. Springtail embryos from 0-5
days were collected with a fine brush and put into a 1,5 ml reaction tube filled with 500 pl water.
Embryos were boiled for 1 min in a waterbath, cooled on ice for 1 min, then put into a 50 um
mesh net and treated with 50% bleach for 6 min. Afterwards, embroys were washed with water
and put into 100% Methanol. These embryos were then sonicated for 45 sec in Methanol,
vortexed several times and stored at -20°C until use. P. hawaiensis (amphipod beachhopper)
were cultured in shallow plastic boxes at 26°C filled with a thin layer of crushed coral substrate
and artificial seawater (30g/l of synthetic sea salt) and fed with dry fish flakes twice a week.
Membrane pumps ventilated the water. Gravid amphipod females were anaesthesized with
clove oil (10ul per 50ml seawater) and embryos were collected out of the brood prouch with
forceps. Dissection and fixation was performed as described in Browne et al. [2006].

Gene cloning and sequence analysis

D. melanogaster embryos from 0-20 h, T. castaneum embryos from 0-72 h, O. fasciatus
embryos from 0-96 h, T. domestica and F. candida embryos from 0-5 days, and P. hawaiensis
embryos of all described stages [Browne et al., 2005], were used for mRNA isolation using the
MicroPoly(A)Purist kit (Ambion). Double-stranded (ds) cDNA and RACE template synthesis was
performed using the SMART PCR cDNA Synthesis kit and SMART RACE cDNA Amplification
Kit (Clontech). Degenerate primers were designed based on alignments of differerent Sp factor
sequences (e.g. D. melanogaster, T. castaneum, mouse). Sp factors of the different arthropod
species used in this study were isolated with different combinations of the following degenerate
primers: Fw_GRATCDCPNC (GGC MGG GCI ACI TGY GAY TGY CCI AAY TG),
Fw_RCRCPNC (MGI TGY MGI TGY CCI AAY TG), Fw_CHV/IPGCGK (TGY CAY RTI CCI GGl
TGY GGI AA), Rev_RSDELQRH (TGl CKY TGI ARY TCR TCI SWI C), Rev_KRFMRSDHL
(ARR TGR TCI SWI CKC ATR AAI CKY AA). RACE PCR was performed with specific primers
designed on the basis of the results of the degenerate primers PCR. All newly isolated
sequences have been submitted to the EMBL Nucleotide Database with the following accession
numbers: Of Spl-4 [EMBL: FN562984], Td_Spl-4 [EMBL: FN562988], Td_Sp5/btd [EMBL:
FN562989], Td_Sp6-9 [EMBL: FN562990], Fc_Sp1-4 [EMBL: FN562985], Fc_Sp5/btd [EMBL:
FN562986], Fc_Sp6-9 [EMBL: FN562987], Ph_Spi1-4 [EMBL: FN562991], Ph_Sp6-9 [EMBL:
FN562992]. BLAST analysis was used to identify the Sp1-4 homologue of D. melanogaster and
T. castaneum. Gene specific primers were made to amplify Tc_btd [GenBank:
NM_001114320.1], Tc_Sp8 [GenBank: NM_001039420] and Tc_Spl-4 [GenBank: XM_967159]
from T. castaneum cDNA, as well as Dm_btd [GenBank: NM_078545], Dm_D-Spl [GenBank:
NM_132351] and Dm_CG5669 [GenBank: NM_142975] from D. melanogaster cDNA. Primer

sequences are available upon request. We have used the publicly available genome sequencing
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data for a selection of metazoan species: H. sapiens [International Human Genome Sequencing
Consortium, 2001; Venter et al., 2001], M. musculus [Mouse Sequencing Consortium, 2002], N.
vitripennis [Nasonia Genome Project Web site], D. melanogaster [Adams et al., 2000], D.
pseudobscura [Richards et al., 2005], A. mellifera [Honeybee Genome Sequencing Consortium,
2006], A. gambiae [Holt et al., 2002], T. castaneum [Tribolium Genome Sequencing Consortium,
2008], B. mori [International Silkworm Genome Consortium, 2008], D. pulex [Daphnia Genomics
Consortium Web site], S. purpuratus [Sea Urchin Genome Sequencing Consortium, 2006], N.
vectensis [Putnam et al.,, 2007], G. gallus [International Chicken Genome Sequencing
Consortium, 2004], F. rubripes [Aparicio et al., 2002], D. rerio [Zebrafish Sequencing Project
Web site], B. floridae [Putnam et al. 2008], and T. adhaerens [Srivastava et al., 2008].
Phylogenetic analysis of different Sp transcription factor sequences was performed as described
in Prpic et al. [2005]. The accession numbers of previously published sequences used in the
phylogenetic analysis are as follows: Dm_CG5669 [GenBank: NP_651232], Dm_Btd [GenBank:
NP_511100], Dm_D-Spl [GenBank: NP_572579], Dps_GA19045 [GenBank: XP_001358829],
Dps_GA22354 [GenBank: XP_002134535], Dps_GA12282 [GenBank: XP_001354397],
Ag_Spl-4 [GenBank: NZ_AAAB02008898], Ag_Sp5/Btd [GenBank: NZ_AAAB02008847], Ag
Sp6-9 [GenBank: NZ_AAAB01008847]; Nav_Spl-4 [GenBank: XP_001599101], Nav_Sp5/Btd
[GenBank: AAZX01008599], Nav_Sp6-9 [GenBank: XP_001606079], Am_Spl-4 [GenBank:
XP_624316.2], Am_Sp5/Btd [GenBank: XP_001119912], Am_Sp6-9 [GenBank: XP_624528],
Bm_Spl-4 [GenBank: BABH01010251], Bm_Sp5/Btd [GenBank: BABH01024462], Bm_Sp6-9
[GenBank: AADK01002198], Tc_Spl-4 [GenBank: XP_972252], Tc Btd [GenBank:
NP_001107792], Tc_Sp8 [GenBank: NP_001034509], Of _Sp8/9 [EMBL: FN396612], Nv_Sp1l-4
[GenBank: XP_001635004], Nv_Sp5/Btd [GenBank: XP_001635002], Nv_Sp6-9 [GenBank:
XP_001634948], Sp_Spl-4 [GenBank: XR_025838], Sp_Sp5/Btd [GenBank: XP_789110.1],
Sp_Sp6-9 [GenBank: XP_793203.2], Hs_Spl [GenBank: NP_612482], Hs_Sp2 [GenBank
:NP_003101], Hs_Sp3 [GenBank: NP_003102], Hs_Sp4 [GenBank: NP_003103], Hs_Sp5
[GenBank: NP_001003845], Hs_Sp6 [GenBank: NP_954871], Hs_Sp7 [GenBank: NP_690599],
Hs_Sp8 [GenBank :NP_874359], Hs Sp9 [GenBank: NP_001138722], Mm_Spl [GenBank:
NP_038700], Mm_Sp2 [GenBank: NP_084496], Mm_Sp3 [GenBank: NP_035580], Mm_Sp4
[GenBank: NP_033265], Mm_Sp5 [GenBank: NP_071880], Mm_Sp6 [GenBank: NP_112460],
Mm_Sp7 [GenBank: NP_569725], Mm_Sp8 [GenBank: NP_796056], Mm_Sp9 [GenBank:
NP_001005343], Dr_Sp1 [GenBank: NP_997827], Dr_Sp2 [GenBank: NP_001093452], Dr_Sp3
[GenBank: NP_001082967], Dr_Sp3-like [GenBank: XP_691096], Dr_Sp4 [GenBank:
NP_956418], Dr_Sp5 [GenBank: NP_851304], Dr_Sp5-like [GenBank: NP_919352],
Dr_Similar_to_Sp5 [GenBank: XP_001335730], Dr_Sp6 [GenBank: NP_991195], Dr_Sp7
[GenBank: NP_998028], Dr_Sp8 [GenBank: NP_998406], Dr_Sp8-like [GenBank: NP_991113],
Dr_Sp9 [GenBank: NP_998125], Gg Spl [GenBank: NP_989935], Gg_Sp2 [GenBank:
XP_423405], Gg_Sp3 [GenBank: NP_989934], Gg Sp4 [GenBank: XP_418708], Gg_Sp5
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[GenBank: NP_001038149], Gg_Sp8 [GenBank: AAU04515.1], Gg_Sp9 [GenBank:
AAU04516.1], Fr_Spl [GenBank: CAAB01000453.1], Fr_Sp2 [GenBank: CAAB01001586.1],
Fr_Sp3 [GenBank: CAAB01000508.1], Fr_Sp3-like [GenBank: CAAB01000254.1], Fr_Sp4
[GenBank: CAAB01001019.1], Fr_Sp5 [GenBank: CAAB01001064.1], Fr_Sp5-like [GenBank:
CAAB01000006.1], Fr_Sp6 [GenBank: CAAB01004244.1], Fr_Sp7 [GenBank:
CAAB01000453.1], Fr_Sp8 [GenBank: CAAB01001019.1], Fr_Sp9 [GenBank:
CAAB01000508.1]. In addition, we have provisionally annotated the Sp-family genes of D. pulex,
T. adhaerens and B. floridae wusing the following genomic regions: Dp_Spl-4
[NCBI_GNO_320154, scaffold_15:792601, 795915], Dp_Sp5/btd [NCBI_GNO_60744,
scaffold_130:263041, 265220], Dp_Sp6-9 [NCBI_GNO_424374, scaffold_42:102959, 162646],
Ta_Spl-4 [scaffold_3:4169974, 4284735], Ta_Sp5/btd [scaffold_15:1197089, 1197409],
Ta_Sp6-9 [scaffold_15:1120368, 1120718], Bf_Spl-4 [Bf V2_288:2820, 5436], Bf_Sp5/btd
[Bf_V2_149:860371, 860057], Bf _Sp6-9 [Bf_V2_149:758897, 759229].

In situ hybridization

The length of the templates used for digoxygenin labeled RNA probe synthesis is given in the
following listing. Dm_Sp1-4: 872bp, Dm_btd: 869bp, Dm_D-Spl: 718bp, Tc_Spl-4: 748bp,
Tc_btd: 509bp, Tc_Sp8: 868bp, Of Spl-4: 594bp, Of Sp8/9: 1078bp, Td Spl-4: 647bp,
Td_Sp5/btd: 774bp, Td_Sp6-9: 772bp, Fc_Spl-4: 737bp, Fc_Sp5/btd: 954bp, Fc_Sp6-9: 736bp,
Ph_Spl-4: 1799bp, Ph_Sp6-9: 1502bp. D. melanogaster and T. castaneum in situ was
performed essentially as described in Tautz and Pfeifle [1989], O. fasciatus in situ hybridization
was done according to Liu and Kaufman [2004a], P. hawaiensis in situ was performed as
reported in Browne et al. [2006], and in situ hybridizations for F. candida and T. domestica were
done essentially as described in Hughes et al. [2004].

List of abbreviations

The abbreviations used to denominate the different species are as follows: Ag, Anopheles
gambiae; Am, Apis mellifera; Bf, Branchiostoma floridae; Bm, Bombyx mori; Dm, Drosophila
melanogaster; Dp, Daphnia pulex; Dps, Drosophila pseudobscura; Dr, Danio rerio; Fc, Folsomia
candida; Fr, Fugu rubripes; Gg, Gallus gallus; Hs, Homo sapiens; Mm, Mus musculus; Nav,
Nasonia vitripennis; Nv, Nematostella vectensis; Of, Oncopeltus fasciatus; Ph, Parhyale
hawaiensis; Sp, Strongylocentrotus purpuratus; Ta, Trichoplax adhaerens; Tc, Tribolium

castaneum; Td, Thermobia domestica.
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Figure 1. Phylogenetic sequence analysis of Sp factors from diverse metazoan species. The
analysis reveals three large monophyletic clades (see text for details). Shown is the unrooted
majority rule consensus computed from 1000 intermediate trees produced with the Quartet
Puzzling method [Strimmer and von Haeseler, 1996]. The reliability values are given at the tree

egdes. The abbreviations for the species names are given in the list of abbreviations.
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Figure 2. Protein domain structure of selected Sp-family proteins. The proteins are arranged into

columns according to the clades obtained in the phylogenetic sequence analysis (Spl1-4 clade,

Sp5/Btd clade, Sp6-9 clade). All proteins are oriented with their amino-terminus (N) to the left,

and the carboxy-terminus (C) to the right. The length of each protein is given next to the C-

terminus (number of amino acids), and the name of the protein is given above the protein.

Incomplete termini of proteins are indicated by dahed lines. Structural domains are indicated by

different colors and shadings explained in the legend below the proteins. Protein domain color

coding after Bouwman and Philipsen [2002].
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Figure 3. Chromosomal location of the Sp-family genes in the genomes of selected animal
species. Single genes are represented by small colored boxes, Hox gene clusters are denoted
by a larger red box. The Sp-family genes are color-coded according to the three clades revealed
by the phylogenetic sequence analysis; the colors are explained in the legend below the
drawings. The Hox cluster in D. melanogaster is split into two parts, the Antennapedia complex
(ANT-C) and the Bithorax complex (BX-C). Continuous genomic regions are indicated by solid
black lines, dashed lines indicate unclear conditions due to incomplete genome assembly.
Genes, gene clusters and genomic loci are not drawn to scale. The numbers above the Sp
genes in H. sapiens denote the gene name (Spl to Sp9). The denominations left of the black
lines indicate the chromosome (X is the X-chromosome), or the linkage group (for A. mellifera, T.
castaneum); un denotes localisation of the gene in an unassembled region of the genome in
species where the genome assembly is incomplete. For N. vectensis the scaffolds containing
Hox and Sp genes are shown and are arranged into the hypothetical ancestral linkage group
PAL A [Putnam et al., 2007]. The hypothetical linkage between these scaffolds is indicated by
the dotted lines.
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M R D-Sp1

Figure 4. Embryonic expression patterns of Sp genes in Drosophila melanogaster. (A-C)
Expression of the Spl-4 representative CG5669. (A) Stage 2 embryo. (B) Stage 9 embryo. (C)
Stage 11 embryo. (D-l) Expression of the Sp5/btd representative btd. (D) Stage 4 embryo. (E)
Stage 5 embryo. The arrow points to the anterior head domain that appears after the head
stripe. (F) Stage 6 embryo. (G) Stage 8 embryo. (H) Stage 9 embryo. (I) Stage 11 embryo. (J-O)
Expression of the Sp6-9 representative D-Spl. (J) Stage 2 embryo. (K) Stage 10 embryo. (L)
Stage 11 embryo. (M) Stage 13 embryo. (N) Stage 13 embryo, ventral view. (O) Stage 15
embryo. The arrowhead in K, L, M points to expression in the developing brain. The asterisk in
M, N indicates expression in the antennal primordium. The arrows in M, N point to the thoracic
limb primordia. The arrow in O points to expression in the developing ventral nerve cord. All
embryos are arranged with anterior to the left.
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Figure 5. Embryonic expression patterns of Sp genes in Tribolium castaneum. (A-C) Expression
of the Sp1-4 representative at the gastrulating germband stage (A), after serosal closure (B) and
at mid germband retraction (C). (D-F) Expression of the Sp5/btd representative Tc-btd shortly
before serosal closure (D), at beginning germ band elongation (E), and beginning germ band
retraction (F). The asterisk in D denotes the early head stripe expression domain. The arrow in F
points to expression in the developing ventral nerve cord. (G, H) Expression of the Sp6-9
representative Tc-Sp8 at mid germband elongation (G) and at mid germband retraction (H). The
arrows in G and H point to expression in the developing ventral nerve cord. All embryos are
oriented with anterior to the top. Abbreviations: md, mandibulary segment; mx, maxillary

segment; |b, labial segment; t1 - t3, thoracic segments 1 to 3.
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ﬁ'sps/g

Figure 6. Embryonic expression patterns of Sp genes in Oncopeltus fasciatus. (A-C) Expression

A Spi1-4 B Spi1-4 C Sp1-4

of the Spl-4 representative after serosal closure (A), at early germband elongation (B), and at
full germband elongation (C). (D, E) Expression of the Sp6-9 representative Of-Sp8/9 at full
germband elongation (D) and mid germband retraction (E). The arrowhead and arrow in D
denote expression in the brain and ventral nervous system, respectively. All embryos are
oriented with anterior to the top. Abbreviations see Fig. 5. Additional abbreviations: hl, head

lobe; an, antennal segment/appendage.
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Figure 7. Embryonic expression patterns of Sp genes in Thermobia domestica. (A-C)
Expression of the Spl-4 representative at the early germ band stage (A), mid germ band
elongation (B), and late germ band elongation (C). (A" ) is the epifluorescence image (Sytox
Green staining) of the embryo in A. (D-H) Expression of the Sp5/btd representative at the
blastoderm stage (D), early germ band stage (E), starting germ band elongation (F), early germ
band elongation (G), and late germ band elongation (H). The arrow in D-F points to the early
head stripe. The arrowheads in F, H point to metameric stripes. The arrow in H points to
expression in ventral nervous system. (D') is the epifluorescence image (Sytox Green staining)
of the embryo in D. (I-L) Expression of the Sp6-8 representative at mid germ band elongation (|,
J; the embryo in J is slightly more advanced than the one in ), early germ band retraction (K),
and late germ band retraction (L). The arrow in I-K points to segmental stripes in young
segments that just have formed from the posterior growth zone. All embryos are oriented with

anterior to the top. Abbreviations see Fig. 5.
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Figure 8. Embryonic expression patterns of Sp genes in Folsomia candida. (A, B) Expression of
the Spl-4 representative at early germ band retraction (A) and beginning dorsal extension (B).
(C-E) Expression of the Sp5/btd representative at mid germ band extension (C), late germ band
extension (D, note that the anterior head has been lost during preparation), and early germ band
retraction (E). The arrowheads in C-D point to metameric stripes. The arrows in D, E point to
expression in the developing ventral nervous system. (F-I) Expression of the Sp6-9
representative at early germ band extension (F), mid germ band extension (G), and late germ
band retraction (H). The asterisks in F denote expression in the limb buds of the maxillary and
labial segment. The arrowheads in F-H point to expression spots in the brain and neural tissue
of the head segments. The arrow in H points to punctate expression in the developing ventral
nerve cord. (I) shows dissected legs of an embryo after dorsal closure. Note that the first
thoracic leg has been damaged during preparation. Anterior is to the left in panels A-H. All
panels show ventral aspects except for B, F, G which are lateral views. In | distal is to the right.
Abbreviations see Fig. 5. Additional abbreviations: an, antennal segment/appendage; Ir, labrum;

ic, intercalary segment.
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Figure 9. Embryonic expression patterns of Sp genes in Parhyale hawaiensis. (A-C) Expression
of the Spl-4 representative at stage S12 (A), stage S19 (B), and stage S22 (C). Staging
according to Browne et al. [2005]. (A") is the epifluorescence image (Sytox Green staining) of
the embryo in A. (D-F) Expression of the Sp6-9 representative at stage S17 (D), stage S18 (E),
and stage S23 (F). The arrow in F points to expression in the ventral nervous system.
Abbreviations: anl, first antenna; an2, second antenna; md, mandible; mx1, first maxilla; mx2,

second maxilla; pe, peraeopods; pl, pleopods; ur, uropods.
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Figure 10. Evolution and orthology of the Sp genes in the Metazoa. The ancestral state in the
Metazoa (metazoan grade) is hypothesized to have been a cluster of three Sp genes (one of
each clade, color coded as in Fig. 3) linked to a single Hox gene (small red box; no Hox cluster
is present yet). This is consistent with the data from T. adhaerens. Linkage data for the Spl-4
gene, however, are missing and the nature of Trox2 gene is debated (indicated by the dashed
lines and the question mark). In addition, data from the most basal metazoan group, the
Porifera, are not yet available. The Sp gene cluster is conserved in the Eumetazoa (eumetazoan
grade) and is linked to the Hox cluster. This is consistent with data from N. vectensis, and is
further supported by comparative genomics [Putnam et al., 2007]. Further evolution in the
Vertebrata lineage lead to the multiplication of the Sp gene cluster along with the Hox gene
cluster. The number of Sp gene clusters, their chromosomal location and Sp gene complement
is fully compatible with the sequence (D(A(C, B))) of vertebrate Hox gene cluster duplication
proposed by Bailey et al. [1997]. We propose that the ancestral Sp gene cluster was duplicated,
the duplicate lost the Sp5/btd gene, and this reduced cluster served as template for two
additional Hox/Sp duplications. In the Insecta lineage the ancestral linkage of the Sp cluster with
the Hox cluster was partially disbanded by the relocation of the Sp5/btd and Sp6-9 genes.
Please note that the sequence of Sp genes along the chromosome and their location to the right
of the Hox cluster as shown in the figure is a simplification for reasons of brevity. The actual
sequence of Sp genes and their relative location to the Hox gene cluster may differ in different

species.
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Tables and captions

Table 1. Genomic locations of Sp genes and Hox genes. This table supplements the schematic
overview given in Fig. 3. The first column gives the chromosome (or linkage group/scaffold) of a
given species. The second column gives the Sp genes and Hox genes present on this
chromosome (linkage group/scaffold); only representative Hox genes are given for reasons of
clarity. The third column gives the exact location of the genes on the chromosome (base pair
numbers are given for linkage groups, scaffolds, and some chromosomes where no mapping
data was available). The base pair values are based on the following genome assembly
versions: A. gambiae: AgamP3.3, A. mellifera: Amel_4.0, T. castaneum: Tcas_3.0, D. pulex:
JGI-2006-09, N. vectensis: Nematostella vectensis v1.0. The data for the N. vectensis Hox
genes can be found in the references given in the table. Alternating shading for different species
is used in the table to enhance the legibility of the table. Abbreviations: LG, linkage group; un,

unassembled portions of the genome.

species/location Sp genes/Hox genes chromosomal location
Human Sp3 2031
Chromosome 2 Sp5 2g31.1
Sp9 2031.1
Hox D1 2031.1
Hox D13 2g31.1
Human Sp4 7p15.2
Chromosome 7 Sp8 7pl15.2
Hox Al 7p15.3
Hox A13 7p15-14
Human Spl 12913.1
Chromosome 12 Sp7 12913.13
Hox C4 12913.3
Hox C13 12913.3
Human Sp2 17921.32
Chromosome 17 Sp6 17921.32
Hox B1 17921.3
Hox B13 17921.2
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D. melanogaster D-Spl (Sp6-9) 9A1

X-chromosome btd 8F10

D. melanogaster CG5669 (Sp1-4) 95F2-95F3

Chromosome 3R Antennapedia complex 84A5-84B2
Bithorax complex 89D6-89E5

A. gambiae Sp6-9 13.344-13.349kbp

X-chromosome Sp5/btd 13.439-13.440kbp

A. gambiae Spl-4 57.814-57.831kbp

Chromosome 2R Hox (Scr) 59.732-59.775kbp
Hox (Ubx) 60.110k-60.173kbp

A. mellifera Sp6-9 1.371-1.393kbp

LG 13 Sp5/btd 1.441-1.442kbp

A. mellifera Spl-4 8352-11768bp

LG un

A. mellifera Hox (lab) 3.892-3.909kbp

LG 16

T. castaneum Sp8 19.911-19.927kbp

LG9 btd 19.960-19.961kbp

T. castaneum Spl-4 <618-6806bp

LG un

T. castaneum Hox (labial) 10.378-10.410kbp

LG 2 Hox (Abd-B) 9.691-9.700kbp

D. pulex Sp6-9 102.625-163.646bp

Chromosome 1 Sp5/btd 263.041-281.587bp

D. pulex Spl-4 781.813-986.944bp

Chromosome 5

D. pulex Hox ~544kbp

Chromosome 8

N. vectensis Spl-4 330.760-331.110bp

Scaffold 53 Sp5/btd 305.778-306.053bp
Sp6-9 275.750-276.850bp

N. vectensis Hox [Putnam et al., 2007]

Scaffolds 3, 61, 4

[Ryan et al., 2007]

53



Results

Supplementary Information

1 60
Dm D Spl GRATCDCPNCQEAERLGP -~~~ === ===~ ~~~~~ -~ AGVHLRKKNIHSCHIPGCGKVYG
Dps_GA11282 GRATCDCPNCQEAERLGP - - - === = === == ===~~~ AGVHLRKKNIHSCHIPGCGKVYG
Am_Sp6-9 GRATCDCPNCQEAERLGP - -~ === -==-==-~~--~ AGVHLRKKNIHSCHIPGCGKVYG
Nav_Sp6-9 GRATCDCPNCQEAERLGP- -~ ===~ ===~ ~~~~~ - AGVHLRKKNIHSCHIPGCGKVYG
Ag Sp6-9 GRATCDCPNCQEAERLGP - -~ === = === == === = =~ - AGVHLRKKNIHSCHIPGCGKVYG
Td_Sp6-9 GRATCDCPNCQEAERLGP -~~~ ~==-==-==-~~--~ AGVHLRKKNIHSCHIPGCGKVYG
Tc_Sp8 GRATCDCPNCQEAERLGP - - - === = === ==~~~ =~~~ AGVHLRKKNIHSCHIPGCGKVYG
of _Sp8/9 GRATCDCPNCQEAERLGP - - - === = === == === = =~ - AGVHLRKKNIHSCHIPGCGKVYG
Bm_Sp6-9 GRATCDCPNCQEAERLGP -~~~ ~==-==-==-~~--~- AGAHLRKKNIHSCHIPGCGKVYG
Fc_Sp6-9 GRATCDCPNCQEAERLGP - - - === = === === ==~~~ AGAHLRKKNIHSCHIPGCGKVYG
Ph_SP6-9 GRATCDCPNCQEADRLGP - -~ === -==-==-~~--- AGAHLRKRNIHSCHIPGCGKVYG
Dp_Sp6-9 GRATCDCPNCQEADRLGP -~~~ ~==-==-==~~~--~ AGAHLRKRNIHSCHIPGCGKVYG
Gg_Sp9 GRATCDCPNCQEAERLGP - - - === = ===~~~ =~~~ AGASLRRKGLHSCHIPGCGKVYG
Fr_Sp9 GRATCDCPNCQEAERLGP------=-==-==-~~--~ AGASLRRKGLHSCHIPGCGKVYG
Dr_Sp9 GRATCDCPNCQEAERLGP- -~ - -==-==-==-~~--~ AGASLRRKGLHSCHIPGCGKVYG
Hs Sp9 GRATCDCPNCQEAERLGP - - == === === ==~ ==~~~ AGASLRRKGLHSCHIPGCGKVYG
Mm_Sp9 GRATCDCPNCQEAERLGP------=-==-=~-~~--- AGASLRRKGLHSCHIPGCGKVYG
Mm_Sp8 GRATCDCPNCQEAERLGP - -~ === -==-==-~~--~ AGASLRRKGLHSCHIPGCGKVYG
Hs Sp8 GRATCDCPNCQEAERLGP - - - === = === ==~~~ =~~~ AGASLRRKGLHSCHIPGCGKVYG
Dr_Sp8-like GRATCDCPNCQEAERLGP---=--=-==-==--~--~ AGASLRRKGLHSCHIPGCGKVYG
Gg_Sp8 GRATCDCPNCQEAERLGP-----==--==----~--- AGASLRRKGLHSCHIPGCGKVYG
Dr_Sp8 GRATCDCPNCQEAERLGP - - - === = === == ===~~~ - AGASLRRKGLHSCHIPGCGKVYG
Fr_Sp8 GRATCDCPNCQEAESLGP-----==--==---~~--- GGASPQRRGLHSCHIPGCGKVYG
Bf SpA GRATCDCPNCQEAERLGP -~~~ ~==-==-==~~~-~~ AGAATRRKNQHSCHIPGCGKVYG
Sp_Sp6-9 GRATCDCPNCQENERLAA- - - === = === ===~~~ - AGQPLRKKNVHSCHIPGCGKIYG
Mm_Sp7 GRSTCDCPNCQELERLGA- - -~ --=-==-==--~--~ AAAGLRKKPIHSCHIPGCGKVYG
Hs Sp7 GRSSCDCPNCQELERLGA -~~~ -==-==-==-~~-~~ AAAGLRKKPIHSCHIPGCGKVYG
Dr_Sp7 GRSSCDCPNCQELERLGA- - - === == === ===~~~ SAASLRKKPVHSCHIPGCGKVYG
Fr_Sp7 TRSSCDCPNCQELERLGA------=--=-==--~--~ SAASLRKKPVHSCHIPGCGKVYG
Nv_Sp6-9 GRATCDCPNCQDNERMSA -~~~ == ===~~~ -~~~ SGAPFRKKSQHICHIPGCGKVYG
Mm_Sp6 GQTVCRCPNCLEAERLGAP- -~ === === == ===~~~ CGPDGGKKKHLHNCHIPGCGKAYA
Hs_Spé GQTVCRCPNCLEAERLGAP--------~--~-~~~~ CGPDGGKKKHLHNCHI PGCGKAYA
Dr_Spé GQASCRCPNCLSAESLGN - -~ - -== === ===~~~ -~ SGDASKRKHLHNCHIPGCGKAYV
Fr_Spé AQAVCRCPNCTIHAEQLGQ- -~ === ====-===--=~~ STDDTRRKHMHNCHIPGCGKAYA
Ta_Sp6-9 NRSSCNCPYCQENERLAAT - -~ --=-==-==-=~--~ GQPVPRRKAQHICHIADCGKVYT
Bm_Sp5/Btd RCAKCRCPNCLTEAAGFGP-----=--==----~--- NYGKDGAKREHVCHVPGCGKVYG
Tc Btd RCIKCQCPNCVNEEVGLK- - = === = === === === === ==~ KPSSKKVHVCHYQGCDKVYG
Fc_Sp5/Btd KSRRCRCPNCLAGIQPTQV------=--=--~--~~~ P-GEKKKKRQHICHMIGCGKIYG
Am_Sp5/Btd KCIRCRCPNCQTENGGSQL---=-====--===---~~~ G- - - LDGKRQHVCHVPGCGKVYG
Nav_Sp5/Btd KCTRCQCPNCMADGG - = === = = === = === = = === = = — NVGRDGKRQHSCHIDGCNKVYG
Dr_Sim-to-Sp5 QSRRCMCPNCQKNAD- - == == === === ===~ ===~~~ TPGR- -RKQHACHI PGCAKVYG
Dr_Sp5 RCRRCRCPNCQSSS---===-====--==---~~--- SSDEPGKKKQHICHIPGCGKVYG
Fr_Sp5 RCRRCRCPNCQSST - -~ === === == === == === == = SSDEPGKKKQHICHIPGCGKVYG
Bf Sp5 RCRRCRCPNCQNST - -~ == === -=====-==~~~—~~ AGS - PNKKKQHICHIPGCGKVYG
Sp_sSp5/Btd RCRRCRCPNCLNPS----===-===--=---—mmo - ISSEPAKKRQHICHIPGCGKVYG
Dp_Sp5/Btd RCRRCRCPNCQDPTTGASIT- -~~~ ---=----~~~ GHSNSQHKKKQHLCHVPGCGKVYG
Mm_Sp5 RCRRCRCPNCQAAGG- -~~~ -==-==-==-==-~~~ APEAEPGKKKQHVCHVPGCGKVYG
Hs Sp5 RCRRCRCPNCQAAGG---====-===--==~--~~~~ APEAEPGKKKQHVCHVPGCGKVYG
Gg_Sp5 RCRRCRCPNCQAAAGS -~~~ = === === === === =~ — APEAEPGKKKQHVCHIPGCGKVYG
Nv_Sp5/Btd RCRRCRCPNCQLAAT -~ ==~~~ ~== ===~~~ ~~~~~~~ TGNTSKRKQHVCHIPGCGKVYG
Dr_Sp5-like RCRRCKCPNCQSTGNGG-----===--==---~~---~ AALEFGKKRLHICHIPDCGKVYK
Fr_Sp5-like RCRRCKCPNCQANGGG -~~~ = === = === == === === === LEFGKKRLHVCHI PDCGKVYK
Td_Sp5/Btd RCSRCRCPNCONGGN- - === === === —===— - TAGQQPORKRQHVCHVPGCSKTYG
Mm_Sp2 RRMACTCPNCKDGEK- -~ ===~ ===--~=-~——-~— - RSGEQGKKKHVCHIPDCGKTFR
Hs Sp2 RRMACTCPNCKDGEK -~ — = = = === = === o oo =~ RSGEQGKKKHVCHIPDCGKTFR
Gg_Sp2 RRMACTCPNCKDGEK -~~~ ~~=-== ===~~~ ~—~~ RPGDQGKKKHICHIPECGRTFR
Dr_Sp2 RHISCLCFLCY---===-===-====-—==-~—~~——- RPGEVGKRKHICHIAGCEKTFR
Fr_Sp2 RRMACTCPNCKDADK- -~ ===~ ~==-==-==~~~~—~~ RPGEVGKRKHICHVPGCEKTFR
Ta_Spl-4 s e e e e e e NHLSHL--------
Dm_CG5669 KRVACTCPNCTDGEKHS - -~ == === === === -—==-— oo~ DKKRQHICHITGCHKVYG
Dps_GA19045 KRVACTCPNCTDGEKHS -~~~ =-==-==-==—~~——~~——~—~ DKKRQHICHIPGCQKVYG
Fc_Spl-4 RRVACTCPNCTDIDASSNNSRN---~-=-==-==-~~——- NGEKKKQHLCHIPGCGKVYG
Am_Spl-4 RRVACTCPNCGDGDRNRD- - = === = = === === === — ==~~~ MTRKRQHVCHIAGCNKVYG
Nav_Spl-4 RRVACTCPNCGDGDRNRD - - = = === === === ===~ ==~~~ MTRKRQHVCHIPGCSKVYG
Tc_Spl-4 RRVACTCPNCQEGERHAD - -~ = === === ===~ == —— =~~~ —— - RKKQHICHIPGCNKVYG
Ag_Spl-4 RRVACTCPNCEVKSSGPP-----==--===—==--m - DRKRQHICHVSGCNKVYG
0Of Spl-4 RRVACSCPNCIEGHAGCSRLRAEEATTSLEHVRTINKATWGGIRKKQHVCHVAGCNKVYG
Bm_Spl-4 KRVACTCPNCDQGENVFSR -~~~ == ===~~~ ~~~~~~—~ VVDRKKQHVCHIAGCNKVYG
TA_SP1-4 s e oo oo m oo NKVYG
Mm_Spl RREACTCPYCKDSEGRASG-----=-==--=--~-=~--~ DPGKKKQHICHIQGCGKVYG
Hs Spl RREACTCPYCKDSEGRGSG-----=-==-==-==-=~--~ DPGKKKQHI CHIQGCGKVYG
Gg_Spl RREACTCPYCKDSEGRSSG- -~ === --==--==~~-~~~- DPGKKKQHICHIPGCGKVYG
Dr_sSpl RREACTCPYCKDGEGR- -~ ~-=-==-==-==-=~-~~——- DPSKKKQHICHIPGCGKVYG
Fr_spl RREACTCPFCKDGEGR -~ -~~~ -== === -~~~ ~~~——~ DPTKKKQHICHISGCGKIYG
Dp_Spl-4 RRVACTCPNCKDGEVARKSNRPK- -~~~ ~-~---- IFPSRVGENKRKIHICHHOGCGKVYG
Mm_Sp3 RRVACTCPNCKEGGGRGTN- -~~~ =-==-==—==——~———~ LGKKKQHICHIPGCGKVYG
Hs Sp3 RRVACTCPNCKEGGGRGTN -~~~ == === === === === ==~ LGKKKQHICHIPGCGKVYG
Gg_Sp3 RRVACTCPNCKEGGGRGSN - -~ === == === == =mm— o~ LGKKKQHICHIPGCGKVYG
Dr_Sp3 RRVACTCPNC-EAGGRGSS-----=--=-==-==-—~—~~~ MGKKKQHICHIPGCGKVYG
Dr_Sp3-like RRVACTCPNCKEAGGRGSS -~~~ == === === === ===~~~ MGKKKQHTCHIPGCGKVYG
Fr_Sp3 RRVACTCPNCKESGGRGSS----==--===--===~—~~~~ TGKKKQHICHIAGCGKVYG
Fr_sp3-like RRVACTCPNCKESGGRGSG-----=-==-==-==--~-~~~ MGKKKQHICHIAGCGKVYG
Sp_Sp4 RRLACTCPNCKDGDGRG- === ==============——=-———— KKQHICHIADCGKIYG
Mm_Sp4 RRVACSCPNCREGEGRGSS-----=-====-==~~--~-- EPGKKKQHVCHIEGCGKVYG
Hs_Sp4 RRVACSCPNCREGEGRGSN-----=--=-~=-—-——-—— EPGKKKQHICHIEGCGKVYG
Gg_Sp4 RRVACSCPNCREGEGRSSN----==--==--==-~—-—~- EPGKKKQHICHIEGCGKVYG
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Dps GA11738
Ag Sp5/Btd

Dm D Spl
Dps_GAl1l282
Am_Sp6-9
Nav_Sp6-9
Ag_Sp6-9
Td_Sp6-9
Tc_Sp8
of_Sp8/9
Bm_Sp6-9
Fc_Sp6-9
Ph_Spé6-9
Dp_Sp6-9
Gg_Sp9
Fr_Sp9
Dr_Sp9
Hs_Sp9
Mm_Sp9
Mm_Sp8
Hs_Sp8
Dr_Sp8-like
Gg_Sp8
Dr_Sp8
Fr_Sp8
Bf_SpA
Sp_Sp6-9
Mm_Sp7
Hs_SP7
Dr_Sp7
Fr_Sp7
Nv_Spé6-9
Mm_Spé
Hs_Spé
Dr_Spé6
Fr_Spé6
Ta_Sp6-9
Bm_Sp5/Btd
Tc_Btd
Fc_Sp5/Btd
Am_Sp5/Btd
Nav_Sp5/Btd
Dr_Sim-to-Sp5
Dr_Sp5
Fr_Sp5
Bf_Sp5
Sp_Sp5/Btd
Dp_Sp5/Btd
Mm_Sp5
Hs_Sp5
Gg_Sp5
Nv_Sp5/Btd
Dr_Sp5-1like
Fr Sp5-like
Td_Sp5/Btd
Mm_Sp2
Hs_Sp2
Gg_Sp2
Dr_Sp2
Fr_Sp2

Ta Spl-4
Dm_CG5669
Dps_GA195045
Fc_Spl-4
Am_Spl-4
Nav_Spl-4
Tc_Spl-4
Ag_Spl-4
Of Spl-4
Bm_Spl-4
Td_Spl-4
Mm_Spl
Hs_Spl
Gg_Spl
Dr_Spl
Fr_Spl
Dp_Spl-4
Mm_Sp3
Hs_Sp3
Gg_Sp3
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RRVACSCPNCRDGEGRNNS--------------------- DPSKKKQHVCHMEGCGKVYG
RRVACSCPNCRDGEGRNSG--------------------- DPTKKKQHICHMEGCGKVYG
RRVACSCPNCREGEGRGNG------=-=-=------------- D-SKKKQHICHIAGCGKVYG
KRVACTCPNCREGGVNNERGEPSSSNGI----------- GGSTKRRQHICHIPGCNKTYG
-RIACTCPNCRDG------- EGRTANG----------------- RKQHVCHVPGCGKVYG
RRVACCCPNCRNPDYKPPQ--------------------- -~ GGKKMHVCHYQGCSKVYG
RSVRCTCPNCTNEMSGLPP----------------- IVGPDERGRKQHICHIPGCERLYG
RSVRCTCPNCTNEMSGLPP----------------- IVGPDERGRKQHICHIPGCERLYG
RCARCTCPNCINELSGLPP----------------- VVGPDEKGKRQHICHIPGCEKIYG

KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPICNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVC-------
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPICNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFSCPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFECAICQKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFSCPTCNKRFMRS
KASHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELERHVRTHTREKKFTCLLCSKRFTRS
KASHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELERHVRTHTREKKFTCLLCSKRFTRS
KASHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELERHVRTHTREKKFTCLLCNKRFTRS
KASHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELERHVRTHTREKKFTCLLCNKRFTRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPICSKRFMRS
KTSHLKAHLRWHSGDRPFVCNWLFCGKRFTRSDELQRHLQTHTGTKKFPCAVCSRVFMRS
KTSHLKAHLRWHSGDRPFVCNWLFCGKRFTRSDELQRHLQTHTGTKKFPCAVCSRVFMRS
KTSHLKAHLRWHSGDRPFVCNWLFCGKRFTRSDELQRHLQTHTGAKRFGCSSCPRVFLRA
KTSHLKAHLRWHSGDRPFVCNWLFCGKRFTRSDELQRHLQTHTGAKKFSCALCPRVFMRN
KTSHLKAHLRWHSGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFVCKVCSKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFSCQLCTKRFMRS
KTSHLQAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACSVCTKRFMRS
KTSHLKAHLRGHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFICNVCQKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPTCGKRFMRS
KTSHLKAHLRWHSGEKPYFCNWKPCGKSFTRSDELQRHMRTHTGEKRFVCPECGKRFMRS
KTSHLKAHLRWHAGERPFICSWMFCGKSFTRSDELQRHLRTHTGEKRFTCPDCSKRFMRS
KTSHLKAHLRWHSGERPFVCNWLFCGKSFTRSDELQRHLRTHTGEKRFVCPDCCKRFMRS
KTSHLKAHLRWHSGERPFVCNWLFCGKSFTRSDELQRHLRTHTGEKRFVCPDCCKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKSFTRSDELQRHLRTHTGEKRFACPDCGKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKSFTRSDELQRHLRTHTGEKRFVCPECGKRFMRS
KTSHLKAHLRWHAGERPFSCQWLFCGKSFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKSFTRSDELQRHLRTHTGEKRFACPECGKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKSFTRSDELQRHLRTHTGEKRFACPECGKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKSFTRSDELQRHLRTHTGEKRFVCPECGKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKSFTRSDELQRHLRTHTGEKRFQCDECGKRFMRS
KTSHLKAHLRWHAGERPFICNWLFCGKSFTRSDELQRHLRTHTGEKRFGCQQCGKRFMRS
KTSHLKAHLRWHAGERPFICNWLFCGKSFTRSDELQRHLRTHTGEKRFGCQQCGKRFMRS
KTSHLKAHLRWHTGERPFVCNWLFCGKSFTRSDELQRHLRTHTGEKRFACPVCNKRFMRS
KTSLLRAHVRLHTGERPFVCNWFFCGKRFTRSDELQRHARTHTGDKRFECAQCQKRFMRS
KTSLLRAHVRLHTGERPFVCNWFFCGKRFTRSDELQRHARTHTGDKRFECAQCQKRFMRS
KTSLLRAHVRLHTGERPFVCNWVFCGKRFTRSDELQRHARTHTGDKRFECAQCQKRFMRS
KTSLLRAHVRLHTGERPFVCNWVFCGKRFTRSDELQRHARTHTGKKRFECNKCQKRFMRS
KTSLLRAHVRLHTGERPFVCSWVFCGKRFTRSDELQRHARTHTGDKRFECSQCQKRFMRS
--SLLKAHQQAKVGERPFPCTWSECGKRFARSDELARHYRTHTGEKRFECPVCNKRFMRS
KTSHLRAHLRWHTGERPFVCSWAFCGKRFTRSDELQRHRRTHTGEKRFQCQECNKKFMRS
KTSHLRAHLRWHTGERPFVCSWVFCGKRFTRSDELQRHRRTHTGEKRFQCRECNKKFMRS
KTSHLRAHLRWHAGERPFVCQWLFCGKRFTRSDELQRHRKTHTGEKRFQCPECLKKFMRS
KTSHLRAHLRWHTGERPFVCSWIFCGKKFTRSDELQRHRRTHTGEKRFQCPECTKKFMRS
KTSHLRAHLRWHTGERPFVCNWIFCGKKFTRSDELQRHRRTHTGEKRFECPECTKKFMRS
KTSHLRAHLRWHTGERPFVCSWLFCGKRFTRSDELQRHRRTHTGEKRFQCNECSKKFMRS
KTSHLRAHLRWHTGERPFICNWGTCGKRFTRSDELQRHRRTHTGEKRFECVECNKKFMRS
KTSHLRAHLRWHTGERPFICSWEFCGKCFTRSDELQRHRRTHTGEKRFMCTQCHKKFMRS
KTSHLRAHLRWHSGERPFLCNWLFCGKRFTRSDELQRHRRTHTGEKRFECPECSKRFMRS
KTSHLRAHLRWHTGERPFVCTWMFCGKRFTRSDELQRHRRTHTGEKRFQCPECSKKFMRS
KTSHLRAHLRWHTGERPFMCNWSYCGKRFTRSDELQRHKRTHTGEKKFACPECPKRFMRS
KTSHLRAHLRWHTGERPFMCTWSYCGKRFTRSDELQRHKRTHTGEKKFACPECPKRFMRS
KTSHLRAHLRWHTGERPFICGWMLCGKRFTRSDELQRHKRTHTGEKKFACPECPKRFMRS
KTSHLRAHLRWHTGERPFVCSWSFCGKRFTRSDELQRHKRTHTGEKKFSCTECPKRFMRS
KTSHLRAHLRWHTGERPFVCSWSFCGKRFTRSDELQRHKRTHTGEKRFACPECPKRFMRS
KTSHLRAHLRWHSGDRPFVCSWYYCGKRFTRSDELQRHRRTHTGEKRFQCPECGKRFMRS
KTSHLRAHLRWHSGERPFICNWMFCGKRFTRSDELQRHRRTHTGEKKFVCPECSKRFMRS
KTSHLRAHLRWHSGERPFVCNWMYCGKRFTRSDELQRHRRTHTGEKKFVCPECSKRFMRS
KTSHLRAHLRWHSGERPFVCNWMFCGKRFTRSDELQRHRRTHTGEKKFVCPECSKRFMRS
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Figure S1. CLUSTAL X (1.81) multiple sequence alignment of different Sp factors comprising

the conserved region of the Btd box and the zinc finger region.
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3.2 The buttonhead-related gene Sp1-4 is required for embryonic head

development in Tribolium castaneum.

The purpose of this work was the analysis of the function and interaction of the three Sp
transcription factor genes Spl-4, buttonhead and Sp8 in the red flour beetle Tribolium
castaneum. Previous studies already characterized the function of Tc Sp8 in leg development,
but for Tc btd no RNAi phenotype could be described (see also 2.2). Tc Sp1l-4 had not been
analyzed so far. Besides, potential interactions of these three genes remained to be analyzed.
Therefore, dsRNA injections of Tribolium Sp genes were carried out. Besides single gene RNA
injections also double injections were carried out to test for functional redundancy. Larval RNAI

cuticles and embryos stained for several marker genes were analyzed.
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Summary

Head segmentation in Drosophila melanogaster involves the genes orthodenticle (otd), empty-
spiracles (ems) and buttonhead (btd) [e.g. Cohen and Jirgens, 1990; Wimmer et al., 1993;
Wimmer et al., 1996]. These genes act as gap-like genes defining larger areas of the head and
orchestrating the further refinement of gene expression, resulting in the proper metamerisation
of the head [Cohen and Jirgens, 1990; Finkelstein and Perrimon, 1991]. However, recent
comparative studies of insect head development hint to a considerable diversity of head
patterning modes [Lynch et al., 2006; McGregor, 2006]. Studies of head formation in the flour
beetle Tribolium castaneum have shown that the beetle btd homolog Tc btd has no role in head
development [Schinko et al., 2008]. Here we present a functional study of the btd paralog Sp1-4
of T. castaneum. We show that this gene is required for head development in T. castaneum. The
RNAI phenotype of Tc Spl-4 includes headless larvae, thus demonstrating that it is required for
the formation of all head segments. We also show that the activation of the head gene Tc collier
(col) requires Tc Spl-4 instead of Tc btd. This demonstrates how developmental functions can

be switched between paralogs of the same gene functions.

Results and Discussion

Tc btd belongs to a larger family of genes, termed Sp gene family, and we have recently shown
that T. castaneum has two additional members of this gene family [Schaeper et al., in
preparation (a) (see 3.1)]. One of these, the gene Tc Sp8, has been studied previously and was
shown to have a role in appendage development [Beermann et al., 2004]. However, the third Sp
gene, termed Spl-4, has not been studied previously, neither in T. castaneum nor in any other
arthropod species. We were therefore interested in investigating the function of this gene in T.

castaneum with a focus on the role of Tc Sp1-4 in head development.

We have shown previously that Tc Spl-4 is expressed ubiquitously throughout the embryonic
development of T. castaneum [Schaeper et al., in preparation (a) (see 3.1)]. We have used
parental double-stranded RNA mediated interference (pRNAI) [Bucher et al., 2002] to study the
function of Tc Spl-4. In Tc Spl-4 depleted larvae we detected a spectrum of head defects
comprising several degrees of head reduction (Fig. 1). The weakest degree of head reduction
was represented by larvae with a recognizable, but severely reduced head capsule (Fig. 1B). In
these larvae, all head appendages are present, but are malformed and abnormally crowded.
Stronger degrees of head reduction were represented by larvae with no recognizable head
capsule (Fig. 1C, D). In these larvae some head appendages were also lacking. In some cases

the identity of the remaining appendages could still be inferred from their position and shape
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(Fig. 1C), but in other cases only remnants of unrecognizably deformed head appendages were
present (Fig. 1D). The strongest degree of head reduction was seen in larvae lacking a head
altogether (Fig. 1E). In these larvae the body begins with the first thoracic segment and no
traces of head segments were visible in the cuticles. In addition to the defective or missing head,
Tc Spl-4 RNAI larvae show twisted thoracic appendages with split or branched claw tips (Fig.
1B-E, and data not shown). The obtained phenotypes were grouped into two classes. Larvae in
which the head is reduced in size but a head capsule was still recognizable were grouped into
class I, whereas class Il contains all larvae with no head capsule and a varying degree of loss of
head appendages, including headless larvae (see Tab. 1).

These data show that this Sp family gene has a significant role in head development in T.
castaneum being required for the formation of all head segments. In order to exclude the
possibility that a head role of the remaining two Sp family genes Tc btd and Tc Sp8 has gone
unnoticed in previous studies, we performed pRNAIi experiments with these genes as well (Fig.
2). In agreement with previous work [Schinko et al., 2008], we did not detect any effect on larval
head morphology after RNAIi with either Tc btd or Tc Sp8 (Fig. 2C, E). In Tc btd RNAI larvae the
head appendages were also normal, but the thoracic legs were mildly malformed showing
fusions of the femur with the tibiotarsus (Fig. 2D). The degree of the Tc btd phenotype is not
variable and therefore we included all affected larvae in one class (class I) (see Tab. 1). In Tc
Sp8 RNAI larvae the head appendages (except for the mandible) have distal defects, most
prominently seen in the antenna and the maxillary palps (Fig. 2E) [Beermann et al., 2004].
Consistent with previous results [Beermann et al., 2004] the legs of Tc Sp8 RNAI larvae were
shortened (Fig. 2F, and data not shown). Strongly affected Tc Sp8 larvae were grouped into

class Il, whereas milder phenotypes were grouped into class | (see Tab. 1).

The proteins encoded by the three Sp family genes in T. castaneum share a very similar region
containing three zinc fingers as putative DNA binding motifs. Based on these similarities all three
proteins might have a similar DNA binding activity in vivo and are able to regulate similar sets of
target genes. Indeed, Schock et al. (2000) could show a complete rescue of the D. melanogaster
btd mutant phenotype to wildtype by providing an engineered form of Btd in which the Dm Btd
zinc finger motif had been replaced by the human Spl zinc finger motif. Interestingly, human
Spl belongs to the Spl1-4 clade of Sp transcription factors and Dm Btd to the Sp5/Btd clade
[Schaeper et al., in preparation (a) (see 3.1)].

There might thus be a certain degree of functional redundancy of the Sp genes of different
clades. Indeed, partial functional redundancy of Sp family factors has been demonstrated in D.
melanogaster, in which D-Sp1l (the ortholog of Tc Sp8) and btd can partially substitute for each
other in mediating leg growth [Estella et al., 2003]. Functional redundancies might mask a head
role of Tc btd or Tc Sp8, or might mask an additional role of Sp1-4 in the formation of the thorax

or the abdomen. In order to test for possible functional redundancies in T. castaneum, we have
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performed combinatorial double-injections. Double injections of dsRNA of Tc Spl-4 and Tc btd
produced larvae with reduced heads, reduced head appendages and twisted legs (Fig. 3A) and
thus virtually identical to larvae produced by Tc Spl1-4 RNAI alone. However, the leg phenotype
of Tc btd is anyway mild and we therefore cannot exclude that it is unrecognizable in the twisted
and malformed legs of the double RNAI larvae. Double injections of dsRNA of Tc Spl1-4 and Tc
Sp8 also produced larvae with reduced heads, reduced head appendages and twisted legs (Fig.
3B). These larvae are also indistinguishable from larvae resulting from Tc Sp1-4 RNAi alone.
This might be the result of the reduced concentrations of each dsRNA in double injection
experiments, because the total volume that is injected into the animals cannot be doubled and
thus it is possible that the dsRNA of one of the two Sp genes in double injections outcompetes
the other one. By contrast, the double injections of ds RNA of Tc btd and Tc Sp8 produced
larvae with a normal head, but shortened legs (Fig. 3C) that are more severely shortened than in
larvae resulting after RNAIi with Tc Sp8 alone. Thus, in this case the effects of Tc Sp8 RNAIi and
Tc btd RNAI seem to enhance each other, indicating that the two genes have partially redundant

functions in leg development, similar to the situation in D. melanogaster [Estella et al., 2003].

We then attempted to better understand the molecular basis of the larval phenotypes after RNAI
and have studied in RNAi embryos the expression of several genes known to be involved in
head development in T. castaneum: Tc otd [Cohen and Jiurgens, 1990], Tc col [Economou and
Telford, 2009], Tc cnc [Economou and Telford, 2009; Schaeper et al, in preparation (see 3.5)],
Tc lab [Nie et al., 2001], and Tc kni [Cerny et al., 2008]. In addition we studied the expression of
the segmentation genes Tc eve [Brown et al., 1997], Tc wg [Nagy and Carroll, 1994] and Tc hh
[Farzana and Brown, 2008] that are also expressed during head formation. We were not able to
detect any obvious changes in the expression of otd, cnc, lab, kni and eve in either the single
injections or the double injections (data not shown). Tc wg and Tc hh are reduced in the head
region of Tc Sp1l-4 RNAi embryos (Fig. 4B and 4G; and data not shown). Significant changes
after RNAI could be observed for Tc col. In the wildtype, this gene is expressed in a stripe at the
boundary between the mandibular and intercalary segment (Fig. 4A). This expression domain is
significantly reduced in Tc Sp1-4 RNAi embryos (Fig. 4B), as well as in Tc Sp1-4/Tc btd RNAI
embryos (Fig. 4C) and Tc Sp1-4/Tc Sp8 RNAIi embryos (Fig. 4D). The Tc col expression domain
is unchanged in Tc btd RNAi embryos (not shown), Tc Sp8 RNAi embryos (not shown), and in
Tc btd/Tc Sp8 RNAI embryos (Fig. 4E). Interestingly, the col gene is activated by btd in D.
melanogaster and col expression is eliminated in btd mutants [Crozatier et al., 1999; Tallafuss et

al., 2001]. This suggests that Tc Sp1-4 replaces Tc btd in Tc col activation.

In addition, we have studied the expression of the leg gene Tc DIl in the RNAi embryos, because
leg defects were present in all RNAIi larvae. This gene is expressed in the wildtype in all

appendages (including the labrum), except for the mandible (Fig. 4F) and is required for leg
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formation [Beermann et al., 2001]. Although the limbs are malformed and shorter than in the
wildtype, the expression level of Tc DIl in the segmnetal appendages is normal in Tc Sp1-4 (Fig.
4G), Tc btd (not shown), Tc Sp8 (not shown), Tc Spl-4/Tc btd (Fig. 4H), and Tc Spl1-4/Tc Sp8
RNAIi embryos (Fig. 41). However, the Tc DIl expression in the labrum is completely abolished in
Tc Spl-4 RNAI embryos and in Tc Spl-4/Tc btd and Tc Spl1-4/Tc Sp8 RNAI embryos, indicating
that Tc Spl-4 is required for Tc DIl expression in this non-segmental appendage-like structure.
In Tc Sp8/Tc btd RNAiI embryos the expression domain of Tc DIl is significantly reduced and
restricted to the tips of the appendages (Fig. 4J), consistent with the strong leg size reduction
seen in Tc Sp8/Tc btd RNAI larvae.

Recent studies in T. castaneum have already indicated that the head patterning mechanisms in
this species differ from those in D. melanogaster. The global head organizing function of bcd is
in T. castaneum replaced by a maternal contribution of Tc otd and Tc hb [Schréder, 2003].
Intriguingly, the reduced head phenotypes after Tc Sp1-4 RNAI are virtually identical to the otd
RNAI phenotypes [Schrdder, 2003]. This suggests that Tc otd and Tc Sp1-4 function on similar
levels in the same genetic circuit during head patterning. Since Tc otd is expressed normally in
Tc Spl-4 RNAIi embryos we suggest that Tc Spl-4 functions directly downstream of Tc otd, but
upstream of factors determining smaller areas of the head, like e.g. Tc col. Additional studies are

necessary to establish the roles of Tc otd and Tc hb in regulating Tc Sp1-4 in the head.

Conclusion

In our previous study, we have shown that the Sp-family genes in the Metazoa fall into three
large clades: Sp1-4, Sp5/Btd, and Sp6-9 [ Scaeper et al., in preparation (see 3.1)]. The btd gene
of D. melanogaster is a member of the Sp5/Btd clade and is involved in head development in the
fly. Previous work, however, has demonstrated that the homologous genes from this Sp5/Btd
clade in the beetle T. castaneum and the mouse are not involved in head development. T.
castaneum btd RNAI larvae have a normal head and only mild leg defects [Schinko et al. 2008;
this work] and mice deficient for Sp5 do not show any obvious phenotype [Treichel et al., 2003].
Intriguingly, the role in head development is performed by another Sp-family gene from one of
the remaining clades in T. castaneum as well as in the mouse. In mice lacking Sp8, a member of
the Sp6-9 clade, a strong malformation of the head is observed [Treichel et al., 2001], and we
could show here that the loss of Spl-4 function in T. castaneum results in headless larvae.
These data therefore strongly suggest that the developmental role in head formation has been
exchanged between the members of this family of paralogous genes several times during

evolution.
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Despite the ubiquitous expression pattern of Tc Spl-4 our results show that the gene has a
tissue specific function. This suggests that the gene is not regulated on the level of transcription,
and instead implies spatially regulated translation of the Spl-4 mRNA or a requirement of
spatially restricted co-factors for the Spl-4 protein. A similar mode of regulation has been
suggested previously for another Sp-family gene, btd, in D. melanogaster. Misexpression of btd
in the entire anterior portion of embryos mutant for btd rescues the phenotype, but without

disturbing development in areas where btd is not normally expressed [Wimmer et al., 1997].

Experimental Procedures

Cloning of T. castaneum Sp genes and phylogenetic analyses

The sequences of the T. castaneum Sp family genes can be obtained from GenBank: Tc Spl1-4
(accession number XM_967159). Tc btd (accession number NM_001114320.1), Tc Sp8
(accession number NM_001039420).

The isolation and phylogenetic analysis of the T. castaneum Sp family genes has been reported
previously [Schaeper et al., in preparation (see 3.1)]. A 842bp fragment of Tc Spl1-4 was isolated
via PCR using the primers Spl-4_fwl GTC TGG GTA ACG TGC AAG TA ATCG CGC and Spl-
4 rel TCA GCT ATC AAG CGG ATC AGC AAT GAT CAG. To obtain two non-overlapping
fragments of this gene, we used the primer pairs Spl1-4_fwl + Sp1-4_re2 CTG AGC GCG TGA
AGC GCT TCC CAC (444bp) and Spl-4_fw2 AGT TGC AAA GAC ATA GGA GGA CAC + Spl-
4 rel (395bp). The primers btd_fwl GTG ACT ACT ATG ATG GCT TCC TCG GTC C and
btd_re2 CAC CTC AAG TGG GCC TGG AGA TGC GAG G were used to amplify a 509bp
fragment of Tc btd. Two non-overlapping fragments were amplified using btd_fwl + btd_re5
CAC CTC CTC GTT CAC GCA GTT CGG (408bp) and btd_fw2 GGG CTC AAG AAA CCC TCC
TCG AAG + btd_re4 CCC AT TCCC GCA CAC ATT CTC AC (333bp). For Tc Sp8, the specific
primers Sp8_fwl CGC ATG CTG TTC CGG TCC ATC TCA TCG C and Sp8 _re2 GGC CAG
TGT AAC GTC TCT GTG ACC TGG were used to amplify a 1064bp fragment. Two non-
overlapping fragments of Tc Sp8 were isolated using the primers Sp8 fwl + Sp8 re3 GGC GTT
CGA CGT CAC TGA ATC ACT C (766bp) as well as Sp8_fw2 GGA GTT GGC TGG ATA TGA
GTG GAG G and Sp8_rel GGG CCT CAC GCT AGC GAT GAT AGC CTG G (840bp).

In situ hybridization

The 842bp fragment of Tc Spl-4, 509bp of Tc btd and 1064bp of Tc Sp8 were used for

digoxygenin-labeled RNA probe synthesis (Roche). Fluorescein-labeled probes were used for
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double stainings using INT/BCIP (Roche). In situ hybridization was performed essentially as
described in [Wohlfrom et al., 2006].

Adult RNAI

DsRNA for T. castaneum parental RNAi was synthesised using the MEGAscript T7 Kit (Ambion)
and resuspended in 1x injection buffer (1,4mM NacCl, 0,07mM Na,HPQ,, 0,03mM KH,PO,4, 4mM
KCI) at a concentration of 4 pg/pl. Injections of adult female beetles was performed as described
in [Schaeper et al., in preparation (b)]. Injection of 1x injection buffer served as a negative
control for T. castaneum RNA.. Injection of dsRNA transcribed from the non-overlapping gene
fragments (see above for fragment lengths) served as a control for potential off-target effects
and lead to identical results as with the full fragments. Efficient degradation of mMRNA below the

level of detection was confirmed by in situ hybridization.
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Figure 1. Head defects resulting from Tc Sp1-4 RNAI. (A) Wildtype larval cuticle preparation
of T. castaneum. (B-E) Larval cuticles after Tc Sp1-4 RNAI. (B) The head capsule is visible but
reduced in size. The head appendages are malformed (also note the prominent split labrum), but
are all present and crowded in front of the reduced head capsule. (C-D) No head capsule is
present and some of the head appendages are lacking. In (C) the remaining head appendages
are the (split) labrum, antennae and the labium. In (D) the large protusion likely is a remnant of
the labrum, the other outgrowth cannot be identified with confidence. (E) Completely headless
larva; the body begins with the prothoracic segment.

Note the twisted appendages in all RNAi larvae. Anterior is to the left in all panels.
Abbreviations: t1, prothoracic leg; t2, mesothoracic leg; t3 metathoracic leg.
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panels point to the antenna and maxillary palp, respectively.

Figure 2. Appendage defects resulting from RNAi with Tc btd and Tc Sp8. (A) Head of a
wildtype larva. (B) Leg of a wildtype larva. (C) Head of a Tc btd RNAi larva. No difference to the
wildtype can be detected. (D) Leg of a Tc btd RNAI larva. Note the fusion of the femur and the
tibiotarsus leading to a thickened fusion podomere. (E) Head of a Tc Sp8 RNAi larva. The head
capsule is normal, but the distal portion of the head appendages (except for the mandibles) are
malformed. This is most obvious in the antenna (arrow) and the maxillary palp (arrowhead). (F)
Leg of a Tc Sp8 RNAI larva. The leg is significantly shorter than wildtype legs. Abbreviations: cx,

coxa, tr, trochanter; fe, femur; tt, tibiotarsus; cw, pretarsal claw. The arrow and arrowhead in all
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Sp8 btd

Figure 3. Head and appendage defects produced by combinatorial double RNAI. Larval
cuticle after (A) Tc Spl1-4/Tc btd RNAI, and (B) Tc Sp1-4/Tc Sp8 RNAI. In both cases, no head
capsule is present and the head is much reduced. The head and thoracic appendages are
malformed. (C) Larval cuticle after Tc Sp8/Tc btd RNAIi. The head capsule is normal, but the
head appendages are affected in their distal portion and the legs are severely shortened, being
reduced to small round outgrowths with a small claw at the tip. Anterior is to the left in all panels.

Abbreviations see Fig. 1.
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Sp1-4 btd Sp1-4 Sp8

col

wg

Dil

wg

Figure 4. Molecular marker expression in RNAi embryos. (A-E) Expression of Tc col (blue)
and Tc wg (orange). In wildtype embryos Tc col is expressed strongly in the area between
mandibular and intercalary segment (A). Expression of Tc col is reduced in Tc Spl-4 RNAI (B),
Tc Spl-4/Tc btd RNAI (C), and Tc Spl1-4/Sp8 RNAI embryos (D). Expression of Tc col is normal
in Tc Sp8/Tc btd embryos (E). (F-J) Expression of Tc DIl (blue) and Tc wg (orange). In wildtype
embryos Tc DIl is expressed in the appendages (except for the mandibles). Expression of Tc DIl
is relatively normal in Tc Sp1-4 RNAIi (G), Tc Spl-4/Tc btd RNAIi (H), and Tc Sp1-4/Sp8 RNAI
embryos (1), despite visible defects in the appendages. Note, however, the lack of Tc DIl
expression in the labrum of these RNAi embryos. Expression of Tc DIl is reduced and restricted
to the distal end of the appendages in Tc Sp8/Tc btd RNAi embryos (J). Anterior is up in all
panels. Abbreviations: Ir, labrum; an, antenna; md mandible; mx, maxilla; Ib, labium; t1,

prothoracic leg; t2, mesothoracic leg; t3 metathoracic leg.
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Table 1. Statistical analysis of RNAIi phenotypes. The phenotypes have been grouped into
classes according to their severity. Explanations of the classes given in the table are as follows.
Tc Spl-4 RNAI: class | includes larvae with reduced head, but a still discernible head capsule;
class Il includes larvae with no head capsule and a varying degree of loss of head appendages,
including headless larvae. Sp8 RNA:: class | includes shortened legs with still some leg segment
borders visible; class Il includes shortened legs with no visible leg segment borders. Tc btd
RNA.: only one class of phenotype: fused femur and tibiotarsus. Tc Sp1-4 + Tc Sp8 RNAi and Tc
Spl-4 + Tc btd RNAI: the two classes correspond to the two classes of Tc Sp1-4 RNAI. Tc Sp8 +

Tc btd RNAI: the two classes correspond to the two classes of Tc Sp8 RNA..

Gene WT n (%) class I n (%) class Il n (%) Total n
Sp1-4 22 (3,2%) 176 (25,3%) 490 (71,5%) 696
Sp8 126 (19,3%) 328 (50,1%) 200 (30,6%) 654
btd 231 (42,8%) 309 (57,2%) n.a. 540
Sp1-4+Sp8 76 (10,8%) 332 (47,2%) 296 (42%) 704
Sp1-4+btd 12 (1,8%) 158 (39%) 392 (59,2%) 662
Sp8+btd 90 (13,1%) 230 (33,4%) 368 (53,5%) 688
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3.3 A conserved function of the zinc finger transcription factor Sp8/9 in allometric

appendage growth in the milkweed bug Oncopeltus fasciatus.

The purpose of this work was the analysis of the expression pattern and function of the Sp
transcription factor Sp8/9 in the milkweed bug Oncopeltus fasciatus. Therefore, a Sp8/9
homolog was isolated from O. fasciatus and the spatio-temporal expression pattern was
analyzed. Also parental RNAIi experiments were performed, followed by embryonic and nymphal

phenotype analyses.
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Abstract The genes encoding the closely related zinc
finger transcription factors Buttonhead (Btd) and D-Spl
are expressed in the developing limb primordia of
Drasaphila melanagaster and are required for normal
growth of the legs. The D-Spl homolog of the red flour
beetle Tribolium castaneum, Sp& (appropriately termed
Sp&/9), is also required for the proper growth of the leg
segments. Here we report on the igolation and functional
study of the Sp8/¢ gene from the milkweed bug Oncopeltis
Jfasciatus. We show that Sp&/9 is expressed in the
developing appendages throughout development and that
the downregulation of Sp&/9 via RNAI leads to antennae,
rostrum, and legs with shortened and fused segments. This
supports a conserved role of Sp&9 in allometric leg
segment growth. However, all leg segments including the
claws are present and the expression of the leg genes
Distal-less, dachshund, and homethorax are proportionally
normal, thus providing no evidence for a role of Sp&/9 in
appendage specification.
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Introduction

The members of the Sp gene family encode evolutionarily
conserved proteins, which are characterized by the presence
of three zinc finger motifs (for nucleic acid binding) as well
as an additional short conserved motif called Btd box (a
fransactivation domain), and are involved in a variety of
developmental processes in both insects and vertebrates
(reviewed in Zhao and Meng 2003). In Drosophila, two
different Sp factor encoding genes, buttonhead (btd) and
D-Spi, have been shown to be expressed during leg
development (Wimmer et al. 1996; Schéck et al. 1999; Estella
et al. 2003). The bid gene is required for the specification and
formation of the entire leg disc primordia (Estella et al. 2003;
McKay et al. 2009). The gene is acting upstream of the well-
characterized leg specification gene Distal-less (DI} and
seems to be capable of activating the entite leg developmental
cascade when expressed ectopically (Estella et al. 2003). The
role of the D-Sp! gene during leg development is less clear,
but seems to be partially redundant with btd (Schick et al.
1999; Estella et al. 2003). The homolog of D-Sp! in the red
flour beetle Tribolium castaneum, Sp8, has been shown to be
involved in the control of allometric growth of the leg
segments, but the evidence for a role of Sp& in the
gpecification of the entite leg primordium is ambiguous
(Beermann et al. 2004). Orthologous genes to D-Sp7 and Tt
Sp& have also been identified in the mouse, termed Sp&§ and
Sp9 (Bell et al. 2003; Treichel et al. 2003; Kawakami et al.
2004). Please note that the murine Sp8 gene has also been
called inaccurately mBtd (Treichel et al. 2003), because it was
named at a time when its orthology to either Drosephila btd
or Drosophila D-SpI was unclear. Intriguingly, both murine
genes are also involved in limb outgrowth.

Here we present the isolation of an Sp factor encoding
gene from the milkweed bug O. fasciatus. Although our
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analysis of the Oncopeltus gene confidently places it as a
homolog of the Drosophila D-Spl, Tribolium Sp8, and the
murine Sp& and Sp9 genes, the exact orthology within this
group is unclear and we therefore designate the Oncopelius
gene as Sp&/9. We have studied the role of the Oncopelius
Sp&/9 ortholog in order to investigate its evolutionary
conservation in insect appendage development. We find
that Sp&8% is expressed in the appendages throughout
development and the downregulation of Sp&/% expression
via RNAi leads to shortened legs, rostrum, and
antennae. These data show that Sp&/9 is involved in the
allometric growth of the appendages. However, we find no
evidence for a more global role of Sp&/9 in appendage
specification.

Materials and methods
Animal husbandry and embryology

Milkweed bugs were reared as described previously
(Hughes and Kautiman 2000). Collected eggs were kept at
25°C. Embryos of all stages were fixed as reported in Lin
and Kaufman (2004a). Oncopeltus embryo dissections
before in situ staining were performed under a fluorescence
stereomicroscope using SYTOX Green nucleic acid stain
(Invitrogen) (Lin and Kaufinan 2004b).

Isolation of Sp&/9 and sequence analysis

Oncopeltus embryos from 0 to 96 h were used for mRNA
isolation using the MicroPoly(A)Purist kit (Ambion). This
mRNA served as template for double-stranded (ds) cDNA
synthesis (SMART PCR c¢cDNA Synthesis kit, Clontech)
and RACE template synthesis (SMART RACE c¢DNA
Amplification Kit, Clontech). PCR with the primer pair
Fw GGC MGG GCI ACI TGY GAY TGY CCI AAY TG
(GRATCDCPNC) and Rev. ARR TGR TCI SWI CKC ATR
AAI CKY AA (LHDSRMFRK) resulted in a fragment of
311 bp. PCR fragments were cloned into the pCRII vector
(Invitrogen). Additional sequence information was obtained
by 3' RACE PCR using the reverse primer CAG GTG AGC
CTT GAG GTG CGA GGT C. Phylogenetic analysis of
different Sp factor sequences was performed as described
previously (Prpic et al. 2005). The Oncopeltus Sp8/9
sequence is available from the EMBL nucleotide database
under the accession number FN396612.

In situ hybridization
The longest 5 RACE fragment of Sp8/9 (1,078 bp

comprising 181 bp 5UTR and 897 bp ORF) served as
template for the synthesis of digoxygenin-labeled RNA

@ Springer

probes (Roche). In situ hybridization was performed as
described previously (Liu and Kaufinan 2004a).

Parental RNA inferference

The template for dsRNA synthesis was prepared by PCR
with T7 (GAA TTG TAA TAC GAC TCA CTA TAG G)
and Sp6-T7 (TAA TAC GAC TCA CTA TAG GAT TTA
GGT GAC ACT ATA GA) primers from the longest 3
RACE fragment of Sp8/9 that has also been used for probe
generation. Double-stranded RNA (dsRNA) was generated
using the MEGAscript T7 Kit (Ambion) and resuspended
in 1% injection buffer (1.4 mM NaCl, 0.07 mM Na,HPO,,
0.03 mM KH-PO,, 4 mM KCl) at a concentration of 4 pg/ul.
RNA injections in adult vitgin Oncopeltus females were
performed as described previously (Liu and Kautman
2004a). Injection of 1x injection buffer served as the
negative control. To verify the RNAIi phenotypes obtained
with the full fragment, we repeated the parental RNAI with
two shorter non-overlapping fragments of Of Sp8/9. A
different 5 RACE Of Sp8/9 fragment of 1,057 bp (133 bp 5’
UTR, 924 bp ORF) was cut with Xhol which resulted in two
fragments of 421 and 636 bp. Parental RNAI experiments
with dsRNA transcribed from these two fragments resulted
in the same phenotype with a similar frequency as for
dsRNA injections with the full longest 5 RACE fragment
(data not shown). As independent RNAI confrols, we
performed injections of dsRNA of EGFP and Of eve which
resulted in no abnormal phenotype or the same phenotypes
as previously published for Of eve, respectively (Liu and
Kaufiman 2003) (data not shown).

Results and discussion
Isolation of the Sp&8/9 homolog of O. fasciatus

A short fragment of the Oncopeltus homolog of the Sp8/4
gene was isolated by PCR. More sequence information was
obtained by 5" RACE PCR. The available sequence
comprises 181 bp of 3° UTR followed by 1,008 bp of
protein coding sequence also encoding the Btd box motif
and the zinc finger motifs ZF 1, ZF 2, and a portion of ZF
3. An alignment of these conserved domains with the nine
Sp factors from the mouse, as well as D-5Spl and Btd from
Drosophila and Te Sp8 and Te Btd (Schinko et al. 2008)
from Tribolium, shows that the Btd box motif and the
available sequences of the zinc finger motifs are almost
identical in all Sp&/9 proteins, but clearly ditferent from the
homologous motifs in other Sp proteins (Fig. la). The
linker regions between these motifs are also highly
conserved in all Sp8&/9 proteins, whereas differences in
sequence and linker length exist in other Sp proteins (Fig. 1a).
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Btd box ZF 1 ZF 2 ZF 3
Of_Sp8/9 |GRATCDCPNC |QEAERLGPAG V- -HLRKKNI HSCHIPGCGK VYGKTSHLKA HL GERP FUCNWLFCGK RFTRSDELQR HLRTHTGEKR FACPVCN
Te_SP8 |GRATCDCPNC |QEAERLGPAG V- -HLREKNI HYCHIPGCGK VYGKTSHLEA GERP FUCNWLFCGK RFTRESDELQR HLRTHPGEKR FACPICNKRF MRSDHLAKHV KTH
D-Spl |GRATCDCPNC |QEAERLGPAG V--HLRKKNI HYCHIPGCGK VYGKTSHLKA HLRWENGERP FUCNWLFCGK RFTRSDELQR HLRTHTGEKR FACPVCNKRF MRSDHLAKEV KTH
Mm_Sp8 |GRATCDCPNC |QEAERLGPAG A--SLRRKGL HSCHIPGCGK VYGKTSHLKA GERP FUCNWLFCGK RFTRSDELQR HLRTH]GEKR FACPVCNKRF MRSDHLSKEV KTH
Mm_Sp9 |GRATCDCPNC |QEAERLGPAG A--SLRRKGL HSCHIPGCGK VYGKTSHLKA HL GERP FUCNWLFCGK RFTRSDELQR HLRTHJGEKR FACPVCNKRF MRSDHLSKHI KTH
Te_ BTD |RCIKCQCPNC |VNEE-VGLK- ---KPSSKKV HWCHYQGCDK VYGKTSHLOA HLRWHIGERP FUCNWLFCGK RFTRSDELQR HLRTHTGEKR FACSVCTERF MRSDHLAKEV KTH
Dm_BTD REVRCTCPNC |TNEMSGLPPI VGPDERGRKQ HICHIPGCER LYGEKASHLKT HLEWHI'GERP FOC--LTCGK RFSRSDELQR HGRTHINYRP YARCPICSKKF SRSDHLSKHE KTH
Mm Spl |RREACTCPYC |KDSEGRASG- ---DPGKKKQ HICHIQGCGK VYGKTSHLRA HLRWHI'GERP FMCHWSYCGK RFTRSDELQR HERTHTGEKK FACPECPERF MRSDHLSKHI KTH
Mm_Sp2 |RRMACTCPNC |KDGEKRSGE- -----QGKKK HWCHIPDCGK TFRKTSLLRA GERP FUCNWFFCGK RFTRSDELQR HARTHJGDKR FHCAQCQKRF MRSDHLTKEY KTH
Mm_Sp3 |RRVACTCPNC |KEGGGRGTN- ----LGKKKQ HICHIPGCGK VYGKTSHLRA HL GERP FICNWMFCGK RFTRSDELQR HRRTH]GEKK FUCPECSKRF MRSDHLAKHI KTH
Mm_Sp4 |RRVACSCPNC |REGEGRGSS- ---EPGKKKQ HVWCHIEGCGK VYGKTSHLRA HL GERP FICNWMFCGK RFTRSDELQR HRRTH]GEKR FHCPECSKRF MRSDHLSKHV KTH
Mm_Sp5 |RCRRCRCPNC |QAAGGAPEA- ---EPGKKKQ HVCHVPGCGK VYGKTSHLKA HL GERP FUCNWLFCGK SFTRSDELQR HLRTHJGEKR FACPECGKRF MRSDHLAKHV KTH
Mm_Sp6 |GQTVCRCPNC |LEAERLGAPC GPDGGKKKHL HNCHIPGCGK AYAKTSHLKA HL GDRP FUCNWLFCGK RFTRSDELQR HLQTH]GTKK FHCAVCSRVF MRSDHLAKEM KTH
Mm_Sp7 |GRSTCDCPNC |QELERLGAAR A--GLRKKPI HSCHIPGCGK VYGKASHLKA HL GERP FUCNWLFCGK RFTRSDELER HVRTHTREKK FICLLCSKRF TRSDHLSKHQ RTH
a Dm Btd
Mm Sp1
Mm Sp3
Mm Sp4
Mm Spé
Mm Sp2
Mm Sp8
Mi
Mm Sp7 orspa/g Mm SPS
omD-sp1 W
b 0.05 changes Tc Sp8

Fig. 1 Alignment and phylogenetic analysis of the Sp8/9 sequence from
Onecopelfus. a Alignment of Sp proteins from Drosophila, Oncopeltus,
Tribolium, and mouse. Shown is the protein region containing the Btd
box motif {##e) and the three zine finger motifs {red). The sequences of
the Sp&/9 proteins including the D-Spl protein are almost identical and
clearly different from other Sp proteins. b Phylogenetic analysis of all
murine Sp factors and Sp factors from Txibolium, Drosophile, and
Oncopeltus based on the alignment shown in {a). Shown is the unrooted
majority nule consensus computed from 1,000 intemmediate rees produced

In order to further corroborate the ortholegy of the Sp8/@
fragment isolated from Oncopelfus, we also performed a
phylogenetic analysis (Fig. 1b) using the alignment in
Fig. 1a in a maximum likelihood analysis with Tree Puzzle
(Stimmer and von Haeseler 1996). Most sdges in the
phylogenetic tree are well supported with reliability values
above 55. The Sp8/9 factors from Oncopeltus, Tribolium,
and mouse cluster together in a group supported by the
maximum reliability value of 100 and with very short
edges, indicating that these genes are closely related. This
grouping alse includes D-Spl from Drosephia. These
results further support the orthelogy of the Oncopeltus Sp8/9

with the quartet puzzling method (Stimmer and von Hasseler 1996). The
nurbers at the tree edges indicate the relisbility values. GenBanlk
accession numbers: Dm_bid NP_S11100, O-8pi NP 572579, To btd
NP_001107792, Tz _S5pé& NP_001034509, Mm Spl NP_038700,
Mm Sp2 NP 084496, Mm S5p3 NP 035580, Mm Sp4 NP 033265,
Mm_5p5 NP 071880, Mm_Spé NP 112460, Mm Sp7 NP 569725,
Am_Sp& NP_7960356, Am_Sp¢ NM_001003343. Species abbreviations:
M Mus musculus, To Tvibolium castanenwm, OF Oncopeltus fasciatus,
Dm Dyosophila melano gaster

gene with the cther 5p&8/¢ genes and also give additional
evidence to the previcusly published conclusion that the
Drosophila D-Spl gene is actually the Drosophila Sp&/9
homelog (Beermann et al. 2004).

Sp8/Q is expressed during appendage development
in Q. fasciatus

Next we examined the expression profile of Sp8/@ in
Oncopeltus embryos using whole mount iz sife hybridiza-
tion. During early stages of germband elongation, strong
expression of §p8/9 is seen in the limb buds of the thoracic
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legs and the antennae (Fig. 2a). Interestingly, the expression
in the thoracic limb buds extends from there into the lateral
tissue of the thoracic segments posterior to the limb buds,
and thus is not restricted to the limb buds (Fig. 2a, arrows).
A weaker expression is detected in the maxillary and labial
segment, where distinct buds are not yet developed. A
separate expression dotnain is present in the anterior head
in the region where the labrum will develop. As the
germband grows, a punctate expression in the ventral
nervous system appears and the expression in the thorax

Fig. 2 Expression of Sp8#% in
Cncopeltus embryos. a Early
germband elongation stage.
Arrorws point to expression
extending from the thoracic limb
buds inte the lateral tissue of the
thoracic segments posterior to
the limb buds. b Mid-elengation
germband stage. ¢ Embryo
approaching the final stages of
germband elengation. d Fully
elongated genmband stage.

e Retracted genmband stage.

f Magnification of a leg at the
retracted germband stage show-
ing the expression rings of Sp8&/
9 abutting the presumptive joint
constrictions {arrowheads). All
embryos are oriented with

the anterior end to the lefl.
Abbreviations: & labrum,

an antenna, md mandible,

mrx maxilla, 15 labium,

t! prothoracic leg,

2 mesotheracic leg,

3 metathoracic leg

€ Springer

becomes restricted to the leg limb buds (Fig. 2b). During
later germband elongation stages, the punctate expression
pattern in the ventral nervous system becomes stronger and
some cells in the brain also express Sp8/9 (Fig. 2¢). These
brain cells are located at the rim of the head lobes in the
area where the optic centers develop and also nearer to the
ventral midline in the protocersbrum (Fig. 2c¢). All limb
buds, including the emerging buds of the labrum, the
mandibles, and the maxillae, now express Sp&/9. In fully
elongated embryos, the expression pattern persists, but the

b t2
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expression in the thoracic legs becomes slightly non-
homogeneous (Fig. 2d), indicating the emergence of
iterated rings in the legs at later stages. At fully retracted
germband stages, the expression pattern in the appendages
is more restricted (Fig. 2e). In the antenna, Sp&/¢ is
restricted to a large ventral patch at the distal end and a
smaller dot dorsal to it. The expression in the mandible has
ceased and the expression in the maxilla is very weak. In
the labium, Sp8/9 expression is largely confined to a faint
ting near the middle of the appendage. In the thoracic legs,
the expression is seen in three rings. These expression rings
are located proximally adjacent to the constrictions that
mark the presumptive joints between the leg segments
(podometes; note that not all futare podometes are yet
developed at this stage of development) (Fig. 2f).

Functional analysis of Sp&/% using RNAi1

In order to establish the function of Sp&8/¢ during
development of Oncopeltus, we have applied parental
RNAi (Liu and Kaufman 2004a). The results of these
injections are summarized in Table 1. In wild-type
embryos, shortly before hatching, the appendages lie flat
on the body and reach the posterior end of the abdomen
(Fig. 3d, ). In Sp&/9 RNAIi embryos, the appendages are
severely shortened. They stick out (Fig. 3a) and do not
reach further than the middle of the body (Fig. 3a, b).

In wild-type hatchlings the appendages are long
and composed of several segments (podomeres) (Fig. 3f).
The rostrum is a complex of four appendages (Fig. 3g). The
labrum is thin and sharply pointed, the mandibles and the
maxillae are long and thread-like, and the labium consists
of four segments (Fig. 3g). The rostrum of the Sp8/9 RNAI
animals is malformed (Fig. 3h). The labium is shortened;
the distal segments are fused, bent, and enlarged at the tip.
Therefore, the filiform mandibles and maxillae protrude
from the labium at the distal end, while normally they are
entirely ensheathed by it. The overall morphology of the
mandibles, maxillae, and the labrum is normal in Sp8/9 RNAi
animals, but they are shorter than in the wild type (Fig. 3h).

The wild-type antennae consist of a basal antennifer and
four antennal segments (Fig. 3i). The antennae are severely
affected in all Sp8% RNAI animals (Fig. 3¢, j). The

Table 1 Parental RNAI with $p&/¢

antennifer and the first segment of the antenna are roughly
identical in size and shape to the wild type, but the three
distal antennal segments are entirely fused and the antennal
appendage as a whole is severely shortened. In about half
of the cases, the fused distal antennal portion displays small
ectopic outgrowths (arrow in Fig. 3j).

The wild-type thoracic legs consist of a short coxa, a
trochanter which is closely attached to the femur, a tibia, and a
two-segmented tarsus with two claws (Fig. 3k). The legs of
Sp&/9 RNAI animals are much shorter than in the wild type
(Fig. 3¢, 1, m). All leg segments are present but some of
them are fused together. The tarsal segments are always fused,
but they can still be distinguished because constrictions
indicating the rudimentary joints are still present. The
trochanter and femur are also always fused. In some speci-
mens, the proximal podomeres are so severely malformed and
fused that they cannot be distinguished anymore (Fig. 3m). In
confrast to these joints, the joints between femur and tibia
and between tibia and tarsus are always present.

Expression of Distal-less, dachshund, and homothorax
in Sp&/9 RNAI embryos

Since the results of the RNAI experiments indicated a role
of Sp8/9 in appendage development, we next studied the
expression of leg developmental genes expressed at
different positions along the proximal—distal leg axis.

The gene Distal-less (DI]) is expressed in the distal portion
of all appendages except for the mandible (Fig. 4a, b)
(Angelini and Kaufinan 2004). In the head appendages, Dil
is expressed in the tip of the labrum, the entire distal portion
of the antenna, and the tips of maxilla and labiom (Fig. 4a).
The thoracic legs show two separate domaing of DIl expres-
sion: a large distal domain (“sock™ and a ting of expression
proximal to it (Fig. 4b). The antennae are shotter in Sp&/9
RNAI embryos, but they express DIl in their distal region
(Fig. 4c). In addition, DI is expressed in the distal tips of
labrum, maxilla, and labium in Sp8/9 RINAI embryos (Fig. 4c).
The thoracic legs are much shotter in Sp8/8 RNAI embiyos
than in the wild type, but they show a “ring and sock” pattern
of DIl expression similar to the wild-type legs (Fig. 4d).

The dachshund (dac) gene is in the wild-type
expressed in a medial ring in the thoracic legs, and in

WT n (%) Unspecific phenotype # (%) Appendage phenotype » (%) Total 7
Sp8/9 pRNAI 4 (2.4%) 6 (3.6%) 160 (94%) 170
Control (injection buffer) 104 (95%) 5 (5%} 0 (0%) 109

Given are the total numbers (n) of specimens in each category. T stands for wild-type specimens after injection. Unspecific phenotypes were
specimens that showed some development, but had died before any discernible morphology was formed. These phenotypes had a similar
frequency in the Sp8/9 pRNAI and in the control injections. The appendage phenotype was obtained only in the Sp8/4 pRNAI
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g wt | h RNAI| j

RNAi| | m

RNAi

Fig. 3 Parental RNAI with 5p8/% in Oncopelfus. a, b Embryos after
Sp&/¢ RNAI shontly before hatching in lateral {a) and ventral (b)
aspect. ¢ Hatchling after 5p8/¢ RNAI. d, e Wild-type embryos shortly
before hatching in lateral (d) and wventral (e) aspect. f Wild-type
hatchling. The arrows in (a) and {d) denote the tips of the legs. The
arrows in {b) and {e) denote the tips of the antennae. All animals in
{a)—{f) are oriented with the anterior end to the /e, g—m Preparations
of the appendages of wild-type hatchlings (g, i, k) and hatchlings after
3p&/2 RNAI (h, j, 1, m). The wild-type rostrum (g) comprises the four-
segmented labium, filiform maxillas and mandibles, and the pointed
labrum. The rostrurn of RNAI animals (h) is malformed with fused
distal segments. The wild-type antenna (i) comprises an antennifer and

a thin ring near the base in the labium and in the
antenna (Fig. 4e) (Angelini and Kaufman 2004). The dac
gene is also expressed very strongly in the mandible and
in the maxilla (Fig. 4¢). In the Sp&@ RNAI animals, this

@) Springer

four additional segments. The antenna of RNAI animals is severely
shortened with fused segments (j). The arrow in (j) points to a small
ectopic cutgrowth on the antenna seen in about half of the hatchlings
after Spé/9 RNAI The wild-type legs (k) comprise a coxa, trochanter,
fermur, tibia, and a two-segmented tarsus with two claws. The legs of
RNAi animals are shortened with fused tarszl segments (1, m). The
mere proximal segments coxa, trochanter, and fenur may be partially
(D) or fully fused together {m). Abbreviations: /r labrumny, an antenna,
af antennifer, 7o rostum, md mandible, mx maxilla, & labium,
t! prothoracic leg, ¢2 mesothoracic leg, ¢3 metathoracic leg, cx coxa,
tr wochanter, fe femur, # tibia, fa tarsus, ol claw

pattern is not significantly altered. The expression ring in
the antenna is thinner, but the expression in the mandible,
maxilla, and labium is unchanged (Fig. 4f, g). The
thoracic legs are significantly shortened, but the medial ring
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Fig. 4 Expression of Distal-less,
dachshund, and homothorax in
Sp&/% RNAI embryos. a, b Wild-
type DI expression i the head
region {a) and the thoracic legs
tb). ¢, d Expression of DIl in
Sp&/9 RNAI embryos. Please
note that the brownish staining in
the head and the bases of all
appendages {including the
mandibles) in (e, d) is unspecific
background semetimes produced
during the staining procedure.
Emibryos in (a)—{d) are at the
retracted germband stage. Note
the expression in the tips of the
maxilla and labium {arrowhead
and arrow, respectively, in (a)
and (). Also note the expression
in a distal "sock” and a proximal
"ring" in the thoracic legs {arow
and arrowhead, respectively, in
{b) and (d)). e-g Expression of
dac m wild-type () and 5p8/%
RNAi embryos (f, g). Please nots
that the embryo in (f) has been
damaged during preparation {the
head has come off and the t1 leg
is damaged). The embryos in

{e) and (f) arc at the retracted
genmband stage and the embryo
in {g) is at an even later retracted
gemmband stage. h—i Expression
of stk in wild-type (h) and Sp&/9
RMNA] embryos (i). Both embryos
are at the retracted gemband
stage. All animals are oriented
with the antericr end to the lefi.
Abbreviations: B! head lobe,

& labrum, ap antenna, md
mandible, pv maxilla, & labiun,
¢1 prothoracic leg, £2 mesotho-
racic leg, 3 metathoracic leg,

p! pleuropodium
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of dac expression is present as in the wild-type legs
(Fig. 4%, g).

The gene homothorax (hth) is in the wild type expressed
in the proximal area of all appendages (Fig. 4h), but the
distal extension of expression is different in the different
appendage types (Angelini and Kaufiman 2004). Gene
expression is restricted to the proximal third of the legs,
but is expressed in the proximal two thirds of the
appendage in antennae, mandible, and labium and fills the
proximal half of the maxilla (Fig. 4h). This proportional
pattern is identical in Sp8/9 RNAI animals although the legs
are shorter than in the wild type (Fig. 41).

A conserved role in appendage axis elongation

Previous work in Drosophila has shown that the D-Sp/
gene is expressed in the thoracic limb primordia in the
embryo and in the leg imaginal dises in the larva (Wimmer
et al. 1996; Schock et al. 1999; Estella et al. 2003). In the
leg discs, D-Spl is expressed in concenftric rings that
roughly cotrespond to the position of the future joints
between the leg segments. This expression pattern is very
similar to the late expression of Sp&/9 in the legs of the
beetle 7' castanewm. In this insect species, Sp8/9 is
expressed in up to four segmental rings that lie at a similar
location in the legs as the expression rings of the Serrate
(Ser) gene, which encodes the ligand of the Notch (N)
receptor (Beermann et al. 2004). RNAi experiments with
Sp8/¢ have shown that the podomeres are severely
shortened and sometimes fused, and that the number of
Ser rings i3 also reduced. Based on these data, Beetmann et
al. (2004) suggested that Sp8/Y is involved in the control of
allometric growth of the individual leg segments, probably
by interfering with the Notch pathway, which is known to
control allometric podomere growth in Drosophila and
other arthropod species (de Celis et al. 1998; Rauskolb and
Irvine 1999; Bishop et al. 1999; Prpic and Damen 2009). It
has been noted previously that the process of leg segment
growth is tightly linked with the process of joint formation,
because both processes are regulated by the Notch pathway
and its targets (Milan and Cohen 2000), and this would then
also explain the observed podomere fusions.

Our results in Oncopeltus support an evolutionarily
conserved role of Sp8/¥ in the control of allometric
podomere growth. First, the Sp8/4 expression pattern in
the legs after full germband elongation is very similar to the
pattern in Tribolium and consists of several rings adjacent
to the constrictions of the future leg joints. Second, after
RNAi, all leg segments are still present but severely
shortened compared to the wild-type legs. In addition, the
podomere fusions observed in the legs and in the antennae
are compatible with the notion that the Notch pathway is
also atfected, because similar podomere fusion phenotypes
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are observed in Drosophila when members of effectors of
the Notch pathway are impaired (e.g., de Celis et al. 1998;
Rauskolb and Irvine 1999; Bishop et al. 1999).

No evidence for a role of Sp8/9 in appendage specification

There is some evidence in Drosophila that D-Spl has a role
in leg specification by activating DIl expression in the
embryonic leg primordia together with Wg and Dpp
signaling and DI autoregulation (Estella et al. 2003; McKay
et al. 2009). However, this evidence is not conclusive
because the experiments were not able to discriminate
between the effect of D-Spl and the effect of the neighboring
gene btd. Beermann et al. (2004) suggest that D/ is a target
gene of Sp8/9 in Tribolium, although DIl is still expressed in
the legs after Sp8/40 RNAL In summary, the evidence for a
role of Sp8/9 in leg specification and DI/ activation in the
insects studied so far is inconclusive.

Our results with Sp8/% RNAI in Oncopeltus provide no
evidence for a role of Spd8/9 in appendage specification or
DIl activation. All appendages are present in Sp8/¢ RNAi
animals and the legs consist of all podomeres including the
distal claws. This suggests that the specification of the
appendages and their overall proximal-distal patterning is
not distapted. This is further evidenced by the expression of
the proximal-distal marker genes DI, dac, and hth in Sp8/9
RNAI animals. Although the legs in these animals are much
shorter than in the wild type, the expression of D/, dac, and
hth is proportionally identical to the wild-type expression,
indicating that proximal, medial, and distal fates are
present. These data also suggest that DI, doc, and hth
expression is not dependent on activation by Sp8/9. We
note, however, that we found very weak residual expression of
Sp&/9 after Spd8/9 RNAI (data not shown), and thus we cannot
exclude the possibility that the phenotypes we obtained do
not represent the loss-of-function (null) phenotype.
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3.4 Expression pattern of three Sp homologous genes in the cnidarian

Nematostella vectensis.

To collect additional data about the spatio-temporal expression pattern and thus further elucidate
the potential ancestral function of the three different Sp genes, these were analyzed in the
diploblastic sea anemone N. vectensis. Spl-4, Sp5/btd and Sp6-9 could be isolated from a

cDNA pool and via in situ hybridization the spatio-temporal expression pattern was determined.
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Introduction

Members of the Sp family of transcription factors are present in different numbers in vertebrates
and invertebrates (e.g. Suske et al., 2005). Recent studies have shown that members of the Sp
family of transcription factors are already present in the cnidarian Nematostella vectensis
(Putnam et al., 2007) and a set of three Sp genes is ancestral in the metazoans (Schaeper et al.,
in prep. (see 3.1)). Gene expression data and functional data for these zinc finger transcription
factors are available from several bilaterian species, but data from the cnidaria are missing so
far. Investigations in this early branching group of the metazoa would help to understand the
ancestral function of these transcription factors.

The body plan of cnidarians is relatively simple. The adult organism consists of two epithelia
(ectoderm and endoderm). These form a tube with a mouth opening at the oral end and a foot
structure at the aboral end. A ring of tentacles emerge around the oral opening which are used
for feeding. Cnidarians already possess a number of different specified cell types. Data from the
cnidarian hydroid Hydra showed that interstitial stem cells (i-cells) can give rise to two major cell
lines: nerve cells and cnidocytes (nematocytes) to maintain cell complexity (Sproull and David,
1979; Siebert et al., 2007).

The anthozoan cnidarian Nematostella vectensis has become a suitable organism for not only
ecological, but also developmental studies. Its genome is sequenced and several methods like
in situ hybridization, morpholino-based RNA knockdown, as well as transgenesis are established
(e.g. Putnam et al., 2007; Rentsch et al., 2008).

In order to begin an investigation into the possible ancestral function of the Sp gene triplet Sp1-
4, Sp5/btd and Sp6-9, homologs of these genes were isolated from of the sea anemone N.

vectensis and their embryonic expression pattern was analyzed.

Materials and Methods

Gene cloning

Embryos of all developmental stages were used for mRNA isolation using the MicroPoly(A)Purist
kit (Ambion). Double-stranded (ds) cDNA template synthesis was performed using the SMART
PCR cDNA Synthesis kit (Clontech). Gene specific primers were made based on sequences of
Nv_Spl-4 [GenBank: XP_001635004], Nv_Sp5/Btd [GenBank: XP_001635002], Nv_Sp6-9
[GenBank: XP_001634948].

The primer pair NvSpl-4_fw CCC TCT CCT CTA GCT CTG CTG GCT GC and NvSpl-4 re
CAT CCG ATC GCG TAA ACC GTT TCC CAC was used to amplify a 1132bp fragment of
Nv_Sp1-4, NvSp5/btd_fw GGC GCT CTT AGC GGC AAC CTG CAG CC and NvSp5/btd_re
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CTC CGT GGA CAT GTC GGG ATC ATC G for a 1060 bp fragment of Nv_Sp5/btd, and the
primers NvSp6-9_fw GGG ATG CTA GCT GCA ACT TGT AGT CGC and NvSp6-9_re CAC
TCC GTT GAT CCT CCG AGT TCG TGG for amplification of Nv_Sp6-9 (1139 bp). All fragments

were cloned into the pCRII vector (Invitrogen).

In situ hybridization

The isolated N. vectensis Sp homologs were used for digoxigenin labeled RNA probe synthesis
(Roche). Embryo and planula collection, fixation and in situ staining were performed as
described in Rentsch et al. (2008).

Results

It was possible to isolate all three Sp family members identified in the sequenced genome from a
N. vectensis cDNA pool. This shows that Nv Spl-4, Nv Sp5/btd and Nv Sp6-9 are indeed
expressed in this cnidarian. The next step was the analysis of the embryonic expression pattern
of Nv Sp1-4, Nv Sp5/btd and Nv Sp6-9.

Generally, all three Sp genes are expressed in a similar way with only small differences. Nv Sp1-
4 is expressed in single cells of the endo- and ectoderm throughout the embryo in gastrula (not
shown) and planula stages (Fig. 1 A, D). In the oral region, a narrow belt has a reduce number
of Spl-4 expressing cells (Fig. 1 A, arrow). Also Nv Sp5/btd is expressed in single cells
throughout the embryo, but only in the ectoderm and with an additional accumulation of stained
cells in a central stripe (Fig. 1 E, arrow). There is also expression in a small number of oral
entodermal cells. Nv Sp6-9 is expressed in single ectodermal cells throughout the embryo in
gastrula and planula stages as well as in the budding tentacles of metamorphosing planulas
(Fig. 1 C, F).

A closer examination with higher magnification suggests that these Sp gene expressing cells are
interstitial cells and nematocytes. These cells can be identified by their shape already at these

early stages of development.

Discussion

All three Sp genes could be isolated from a cDNA pool, containing embryos from all
developmental stages. Preliminary in situ stainings for these three genes in N. vectensis
embryos and planulas were performed in the lab of Prof. Ulrich Technau (Dept. for Molecular
Evolution and Development, University of Vienna, Austria) and showed similar expression

patterns. Nv Sp1-4, Nv Sp5/btd and Nv Sp6-9 are expressed in blastula and planula stages in

89



Results

single scattered cells. These cells are apparently i-cells and nematocytes. Various studies for
stem cell growth and differentiation were done in the hydrozoan Hydra (Sproull and David,
1997), but i-cells have not been analyzed in N. vectensis so far. For the question, whether Nv
Spl-4, Nv Sp5/btd and Nv Sp6-9 are indeed expressed in i-cells, markers for this cell type have
to be developed for N. vectensis.

Furthermore, Nv Sp6-9 is also expressed in budding tentacles of metamorphosing planulas. In
cnidarians, nematocytes are located in high numbers in the tentacles due to feeding behaviour.
It might be the case that the expression of Nv Sp6-9 in the budding tentacles is located in these
nematocyte cells. Alternatively, the expression of Sp6-9 in the tentacles might indicate a role of
this gene in the development of these outgrowths. Intriguingly, Sp6-9 homologs are also
expressed in the appendages of arthropods and vertebrates and are required for their outgrowth
(e.g. Beermann et al., 2004; Kawakami et al., 2004) (see also 3.1, 3.2. 3.3). A similar case is
known for the DII/DIx gene. This gene has been studied in several species (e.g. Panganiban et
al., 1997). DII/DIx expression along a proximodistal axis has been observed in onychophoran
lobopodia, polychaete annelid parapodia, ascidian ampullae, and even echinoderm tube feet.
Therefore it seems that DII/DIx is used by a variety of organisms for body wall outgrowths.

The expression of Nv Sp6-9 in budding tentacles also suggests an ancestral function for Sp6-9
in body wall outgrowths as different as cnidarian tentacles, vertebrate limbs and arthropod
appendages. More experiments have to be done for more definite conclusions.

Due to some problems with N. vectensis husbandry, perturbed spawning and resulting
embryonic developmental problems we were not sure about the validity of these data. Embryos
used for a second trial were also impaired in their development and therefore artefact staining
cannot be excluded. These preliminary data therefore have to be confirmed. Furthermore, more
different developmental stages have to be stained to get a broader overview of the expression
pattern of Sp genes. In addition, morpholino-based knockdown experiments could provide
insight into the ancestral function of Sp1-4, Sp5/btd and Sp6-9.
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Nv-Sp5/btd

Nv-Sp6-9

Nv-Sp1-4
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Figure 1. Expression pattern of Spl-4, Sp5/btd and Sp6-9 in Nematostella vectensis. Early
planula stages orientated with the oral part to the left (A-E) and the oral part in top view (F).

(A/D) Expression of Nv Sp1-4. A and D show the same specimen in different focal planes. Arrow
marks a region with reduced expression (A). (B/E) Expression of Nv Sp5/btd. B and E show the

same specimen in different focal planes. Expression is located in a central stripe like pattern (B).

Arrow in E marks potential entodermal expression. (C/F) Expression of Nv Sp6-9. C and F show

the same specimen in different orientations. Expression of Nv Sp6-9 is distributed over the

animal (C) and also accumulated in the budding tentacles (F, arrow).
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3.5 Evolutionary plasticity of collier function in head development in diverse

arthropods.

The purpose of this work was to reveal similarities and also differences regarding the expression
and function of collier — a traget gene of btd in D. melanogaster — in different arthropods.

Therefore, col homologues were isolated from the holometabolous insect Tribolium castaneum,
the hemimetabolous insect Oncopeltus fasciatus, the amphipod crustacean Parhyale hawaiensis
as well as from the chelicerate Achaearanea tepidariorum. To compare col among these
arthropods, the spatio-temporal expression pattern was analyzed and parental RNAI

experiments with col in T. castaneum and O. fasciatus were carried out.
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Abstract

The insect intercalary segment represents a small and appendage-less head segment that is
homologous to the second antennal segment of Crustacea and the pedipalpal segment in
Chelicerata. Despite their divergence in external appendages, these homologous segments give
rise to the tritocerebrum and are therefore in general referred to as ‘tritocerebral segment’
irrespective of the arthropod clade. In Drosophila, the gene collier (col) has an important role for
the formation of the intercalary segment. Here we show that the loss of col in the beetle
Tribolium castaneum leads to increased cell death in the intercalary segment and a larval
phenotype with the animals holding their heads abnormally bent. In the milkweed bug
Oncopeltus fasciatus, the loss of col function has a more severe effect in lacking the intercalary
segment and also affecting the adjacent mandibular and antennal segments. By contrast, col is
not expressed early in the second antennal segment in the crustacean Parhyale hawaiensis or in
the pedipalpal segment of the spider Achaearanea tepidariorum. This suggests that the early
expression of col in a stripe and its role in tritocerebral segment development is an insect novelty
that correlates with the specific appendage-less morphology of the intercalary segment in

insects.

Key words: arthropod head evolution, intercalary segment, collier, Tribolium castaneum,

Oncopeltus fasciatus
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Introduction

The segmental composition of the arthropod head is highly conserved (Damen et al., 1998;
Telford and Thomas, 1998). The specific morphology of the head segments, however, can be
quite diverse. A prime example for this diversity is the tritocerebral segment. Originally, the
tritocerebral segment is a proper segment equipped with a pair of appendages, and this
ancestral condition is conserved in several extant arthropod groups (e.g. the pedipalpal segment
in spiders and the second-antennal segment in crustaceans). In the insects, however, the
tritocerebral segment is smaller than the remaining head segments and lacks appendages
completely. This reduced tritocerebral segment of the insect head is called intercalary segment.
The developmental genetic mechanisms leading to the appendage-less condition of the
intercalary segment are not known, but a small number of genes have been isolated in D.
melanogaster that are expressed in the intercalary segment and, when mutated, affect its

morphology. One of these genes is collier (col; also known as knot (kn)).

In D. melanogaster, col is expressed early in parasegment 0 (PS0) and is crucial for the
formation of head structures derived from this area, namely the intercalary and mandibular
segment (Crozatier et al., 1996; Crozatier et al., 1999; Seecoomar et al., 2000). The col gene is
also required for the development of the central and peripheral nervous system (e. g. Crozatier
et al., 1996; Baumgardt et al., 2007; Crozatier and Vincent, 2008), is involved in wing patterning
(Nestoras et al., 1997; Vervoort et al., 1999; Mohler et al., 2000; Crozatier et al., 2002; Hersh
and Carroll, 2005), and functions in somatic muscle formation (Crozatier and Vincent, 1999;
Dubois et al., 2007; Crozatier and Vincent, 2008).

Genes related to col are also known from other animals. Members of this COE transcription
factor family (named after the factors Collier/OIf/EBF) are evolutionarily conserved proteins and
are present throughout the Metazoa. One single gene of the COE family can be found in
invertebrates including also the cnidarian Nematostella vectensis. Vertebrates, however,
possess several paralogous genes of the COE family. Teleost fish, amphibians, and birds have
three, mammals have four members of the COE family (reviewed in Dubois and Vincent (2001)
and Liberg et al. (2002)).

The COE family is involved in a variety of processes during embryonic development. The
Caenorhabditis elegans COE family member unc-3 plays a role in ventral nerve cord
development, chemosensory neuron differentiation and axon guidance (Prasad et al., 1998).
Similarly, Pang et al. (2003) proposed a function in chemoreception for the homologous coe
gene from Nematostella vectensis, which indicates an ancestral role of COE factors in

chemoreception. This is also consistent with the expression of the murine OIf/EBF genes in the
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developing nervous system, in immature olfactory neuronal precursors and mature neurons of
the adult olfactory epithelium (reviewed in Dubois and Vincent (2001)). It was shown that mouse
OIf-1/EBF-1 is necessary for B-cell differentiation (reviewed in Liberg et al. (2002)). Moreover,

the EBF genes also play a role in limb development of mouse and chicken (Mella et al., 2004).

Here we report the isolation of COE homologs (designated below as col) of four different
arthropod species, the red flour beetle Tribolium castaneum, the milkweed bug Oncopeltus
fasciatus, the amphipod crustacean Parhyale hawaiensis and the common house spider
Achaearanea tepidariorum. All four arthropod species show a late expression pattern of col in
the nervous system, but only in T. castaneum and O. fasciatus an early expression in the head
is seen. Loss-of-function studies using parental RNA interference (pRNAI) in T. castaneum and
O. fasciatus reveal a role for col in the patterning and maintenance of the intercalary segment.
The highly conserved neural expression in all arthropods suggests that this represents the
ancestral function of col in the Arthropoda, whereas the early expression of col in the head and
its role in intercalary segment development seem to be insect-specific. We propose that the
evolution of this novel functional domain of col in the tritocerebral segment of the insect ancestor
correlates with the origin of the specific appendage-less morphology of this — intercalary —

segment in insects.

Materials and Methods

Arthropod husbandry and embryology

The T. castaneum cultures were kept as described in Berghammer et al. (1999). Milkweed bugs
O. fasciatus were cultured according to Hughes and Kaufman (2000). Embryos of all stages
were fixed as described previously (Liu and Kaufman, 2004a). Dissections of O. fasciatus
embryos before in situ staining were performed under a fluorescence stereomicroscope using
SYTOX Green nucleic acid stain (Liu and Kaufman, 2004b). The P. hawaiensis cultures were
kept at 26°C in shallow plastic boxes filled with artificial seawater (30g/l of synthetic sea salt) and
a thin layer of crushed coral substrate. Membrane pumps constantly ventilated the water. The
amphipods were fed with dry fish flakes twice a week. Water was changed every two weeks.
Gravid P. hawaiensis females were anaesthesized with clove oil (10ul per 50ml seawater) and
embryos were collected out of the brood pouch with forceps. P. hawaiensis embryos were
staged, dissected and fixed as described before (Browne et al., 2005; Browne et al., 2006).
Embryos of the common house spider A. tepidariorum were treated as previously described
(Akiyama-Oda and Oda, 2003).
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Isolation of collier homologs from different arthropods

T. castaneum embryos aged 0 to 72h, O. fasciatus embryos aged 0 to 96h, P. hawaiensis
embryos of all described stages (Browne et al., 2005), and A. tepidariorum embryos (stages 0 to
10) were used for mRNA isolation using the MicroPoly(A)Purist kit (Ambion; Applied Biosystems,
Darmstadt, Germany). Double-stranded (ds) cDNA was synthesized using the SMART PCR
cDNA Synthesis kit (Clontech; BD Biosciences, Heidelberg, Germany). The P. hawaiensis and
A. tepidariorum mRNA also served as template for RACE template synthesis (SMART RACE
cDNA Amplification Kit, Clontech). A 1130bp fragment of Tc col (LOC662502, accession
number XM_968593) was isolated using the gene specific primers Tccol_fw (GGG CGC ACT
TCG AGA AAC AGC CTC CC) and Tccol_re (GCT GAC AGC CAG TTG CCC CGT ATAC G).
Two non-overlapping Tc col fragments were isolated from this 1130bp template with the primer
pair Tccol_fwl (GGC GCA CTT CGA GAA ACA GCC TC) and Tccol_rel (CTT CTT GTC GCA
GCA ACG GCT GCA C) (fragment length: 353bp), as well as Tccol_fw2 (GCA ATC CCA GAG
ACA TGA GAC GG) and Tccol_re2 (GCT GAC AGC CAG TTG CCC CGT ATA CG) (fragment
length: 674bp). The degenerate primer pair fw_AHFEKQP (GCIl CAY TTY GAR AAR CAR CQC)
and re. DNMFVHNN (TTR TTR TGI ACR AAC ATR TTR TC) was used for the isolation of
Of col. The PCR resulted in a 516bp fragment. Two non-overlapping fragments of Of col were
amplified using the gene specific primer pair Ofcoll_fw3 (CCC TCG AAT CTG AGG AAG TCC
AAC) and Ofcoll_re3 (CCT CGC AG ATG ATT GCC TGT TTC G) (fragment length: 253bp) as
well as Ofcol2_fw4 (CCG AGA TGT GCA GAG TAC TTC TGA CC) and Ofcol2_re4 (GTC GGA
GAT GGC GAG CAG AGG ACCQC) (fragment length: 248bp). A 432 bp fragment of Ph col was
obtained using the degenerate primers fw_AGQPI/VEIE (GCI GGI CAR CCI RTI GAR ATH GA)
and re_ DNMFVHN (TTR TTR TGI ACR AAC ATR TTR TC). Additional sequence information
was obtained by RACE PCR. The complete sequence of Ph col comprises 1883bp, including
166bp 5'-UTR, 1506bp ORF (501 amino acids) and 211bp 3'-UTR. A 393bp fragment of At col
was obtained using the primers fw_AGQPI/VEIE and re_ AGNPRDM (GAT RTC NCK NGG RTT
NCC NGC). 5 RACE PCR resulted in a 839bp fragment (240bp 5-UTR, 599bp ORF). The
orthology of all fragments with D. melanogaster col was confirmed by phylogenetic analysis as
described before (Prpic et al., 2005). All PCR fragments were subcloned into the pCRII vector
(Invitrogen; Karsruhe, Germany). The isolated arthropod collier sequences were submitted to the
EMBL database (Accession numbers: Of col FN557065, Ph col FN557064, At col FN557066).

In situ Hybridization and TUNEL detection

The 1130bp fragment of Tc col, the 516bp fragment of Of col, the 1883bp fragment of P.
hawaiensis col and 839bp fragment of A. tepidariorum col were used for digoxygenin-labeled

RNA probe synthesis. For T. castaneum double stainings, fluorescein-labeled probes were used
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for INT/BCIP (Roche; Mannheim, Germany) stainings. In situ hybridization was performed as
described in Wohlfrom et al. (2006) for T. castaneum, in Liu and Kaufman (2004a) for O.
fasciatus, in Browne et al. (2006) for P. hawaiensis, and in Prpic et al. (2008) for A. tepidariorum.
Detection of cell death via the TUNEL method was performed with minor modifications as

described previously for the spider Cupiennius salei (Prpic and Damen, 2005).

Parental RNA interference

Double-stranded RNA (dsRNA) for O. fasciatus and T. castaneum parental RNA interference
(RNAI) was synthesized using the MEGAscript T7 Kit (Ambion; Applied Biosystems, Darmstadt,
Germany) and resuspended in 1x injection buffer (1,4mM NaCl, 0,07mM Na,HPO,, 0,03mM
KH,PO,4, 4mM KCI) at a concentration of 4 pg/pl. DsRNA of the 516bp fragment of Of col, as well
as the two non-overlapping fragments of 253bp und 248bp were injected into female virgin bugs
as described previously (Liu and Kaufman, 2004a). For Tc col, dsRNA of the 1130bp fragment,
as well as the two non-overlapping fragments of 353bp and 674bp were injected into adult
beetles and pupae. Virgin adult female red flour beetles were immobilized on ice, held carefully
with forceps and injected laterally into the ovipositor. Injected beetles were put on flour and kept
at 32°C. Males were added the next day, embryos were collected every 24h. Injections into
female pupae were performed as described in Bucher et al. (2002). Hatched larval progeny were
embedded into a Hoyer’'s medium/lactic acid mixture (1:1). Injection of 1x injection buffer served
as a negative control for O. fasciatus and T. castaneum RNAI. Additional independent control

injections for O. fasciatus were performed as described previously (Schaeper et al., 2009).

Results

Expression of collier in the flour beetle Tribolium castaneum

In order to investigate the conservation of the function of col in insects other than D.
melanogaster, we have first cloned the col homologue of the red flour beetle T. castaneum and
determined its expression pattern. A strong stripe of Tc col expression is already detected in
very early germ band stages (Fig. 1A, B). This expression domain is located in the anterior head,
but clearly behind the ocular region as indicated by the expression of the ocular Tc wingless (Tc
wg) stripe. Later when the head lobes begin to form, the Tc col stripe can be seen at the junction
between the head lobes and the sack-shaped rest of the germ band (Fig. 1C). When primordial
body segments become indicated by the segmental expression of Tc wg, it is evident that the
Tc col stripe lies between the ocular and the mandibular Tc wg stripe (Fig. 1D). A strong internal
(probably mesodermal) expression extends from there along the ventral midline back almost to

the maxillary segment (Fig. 1D, arrow). Slightly later this internal expression retracts again and
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becomes restricted to the mandibular segment (Fig. 1E). The Tc col stripe now abuts the
mandibular Tc wg stripe, and is thus located in the tissue of the anterior mandibular segment
and tissue anterior to it (Fig. 1E). In the further course of development the Tc col stripe
undergoes refinement (Fig. 1F-G), spans the furrow anterior to the mandibular segment, and
thus is located in tissue that will contribute to the intercalary segment. The anterior and posterior
borders of the Tc col stripe become fuzzy when the embryo approaches the full germ band
extension stage (Fig. 1H) and at the end of germ band extension the Tc col stripe is almost
completely restricted to the furrow anterior to the mandibular segment (Fig. 1I). During germ
band retraction the Tc col stripe in the head becomes even more restricted and is gradually
replaced by an emerging expression in the central nervous system of the head (Fig. 1J-L). In
early retraction stage embryos the stripe splits (Fig. 1J) and is now clearly located in
presumptive intercalary tissue. Slightly later the split Tc col stripe gets weaker (Fig. 1K) and
finally dissolves into the punctate pattern of the central nervous system of the intercalary

segment (Fig. 1L).

In addition to the head stripe, Tc col also has other expression domains. In early germ band
retraction embryos spots of Tc col expression appear laterally in the mesoderm of the thorax
(Fig. 2A) and later similar spots also appear in the anterior abdominal segments (Fig. 2B) and
subsequently in all abdominal segments (Fig. 2C, D). As soon as the dorsal extension of the
germ band has started, these lateral spots move dorsally with the growing dorsal tissue and
simultaneously become weaker (Fig. 2E). In embryos approaching dorsal closure the dorso-
lateral spots have almost completely faded (Fig. 2F). In the central nervous system the
expression pattern of Tccol increases in complexity during development. Initial neural
expression is detected in the head in the intercalary and antennal segment (Fig. 1J; Fig. 2A), but
soon additional cell groups in the protocerebrum also express Tc col: first in the ocular region
(Fig. 1K), later in the entire protocerebrum (Fig. 1L; Fig. 2B). Gradually, punctate expression is
also detected in the gnathal segments (Fig. 2B), thoracic and anterior abdominal segments (Fig.
2C), and finally in all segments (Fig. 2D). This expression pattern increases in complexity
mirroring the further development and compaction of the central nervous system (Fig. 2E)

including brain formation (Fig. 2F).

Phenotypic effects of Tc col RNAI in Tribolium castaneum

The gene expression data from D. melanogaster and T. castaneum show that the two species
share very similar col expression patterns. In order to see whether col also shares similar
functions in the two species we have tested the function of Tc col in T. castaneum using RNAI
(Supplementary Table 1). RNAi embryos do not show any obvious malformations (Fig. 3, Fig. 4).

However, using the TUNEL method in germ band elongation and retraction stages we detected

101



Results

significantly elevated cell death levels in the intercalary segment area in Tc col RNAi embryos
compared to the wildtype. In late germ band elongation stages we detected a patch of dead cells
in the area in front of the mandibular segment (compare Fig. 3A and B). In early germ band
retraction stages elevated cell death levels were detected in a stripe spanning the area in front of
the mandibular segment (compare Fig. 3C and D). This stripe of elevated cell death levels in
front of the mandibular segment persists in mid germ band retraction stages (compare Fig. 3E
and F).

In this area of elevated cell death levels, we also detected changes in gene expression of
additional genes known to be expressed during head development (Fig. 4). The genes Tc
engrailed (Tc en) and Tc wg are expressed in segmental stripes including small dots in the
intercalary segment (Fig. 4A, C, C). In Tc col RNAi embryos the Tc en and Tc wg pattern is
normal, except that the dots in the intercalary segment are missing (Fig. 4B, D). The gene Tc
hedgehog (Tc hh) is expressed in a similar fashion to Tc en also including spots in the
intercalary segment (Fig. 4E, G). These intercalary spots are missing in the Tc col RNAI
embryos (Fig. 4F, H). The gene Tc cap'n’collar (Tc cnc) is expressed strongly in the mandibular
segment and in a ring around the stomodeum including the labrum (Fig. 4l). This pattern is only
slightly altered in Tc col RNAIi embryos, in which the separation between the stomodeal and
mandibular expression domains is less clear and both domains touch each other (Fig. 4J). The
Hox gene Tc labial (Tc lab) is expressed strongly in the intercalary segment (Fig. 4K). We could
not detect any visible difference between the Tc lab expression in wildtype and Tc col RNAI
embryos (Fig. 4L). This is similar to D. melanogaster, in which loss of col function does not have

an effect on lab expression either (Crozatier et al., 1996; Seecoomar et al., 2000).

We have then studied the larval phenotype of Tc col RNAi animals. Recently, a map of cuticular
bristle markers for the T. castaneum head has become available (Schinko et al., 2008). This
bristle map has recently been used to identify defects in the intercalary segment (Posnien and
Bucher, 2009), a segment that is difficult to identify in larvae on a morphological basis. However,
even with these marker bristles, our Tc col RNAI cuticles were undistinguishable from wildtype
cuticles and the marker bristles of the so-called "gena triplet" and "maxilla escort" (Schinko et al.,

2008) are all present as in the wildtype (data not shown).

Although the cuticle preparations of wildtype and Tc col RNAi animals are identical, we observed
a striking difference in living larvae. While wildtype larvae hold their body straight and their head
up (Fig. 5A), the Tc col RNAI larvae assume a very peculiar body posture: they hold their head
bent down such that their mouthparts almost thouch the ventral side of the thorax (Fig. 5B).
These larvae are able to assume a normal body posture when teased with a brush, but soon

after return to their bent posture. This peculiar bending of the head does not seem to be caused

102



Results

by internal deformations of muscles, because we could not detect any obvious differences in
larval muscle architecture in untreated and Tc col RNAIi animals of the transgenic line Pig-19, a

line that expresses EGFP in muscles (data not shown) (Lorenzen et al., 2003).

Expression of collier in the milkweed bug Oncopeltus fasciatus

Both D. melanogaster and T. castaneum are holometabolous insects. In order to see whether
the role of col is also conserved in hemimetabolous insects we cloned col from the milkweed bug
O. fasciatus and investigated its expression. During blastoderm stages, Of col is expressed in a
stripe in the anterior portion of the embryo (Fig. 6A, B). When the germ band has started
extending, this stripe of Of col expression is located at the junction of the trunk and the head
lobes, which are relatively undeveloped at this stage of O. fasciatus development (Fig. 6C).
Later during germ band elongation the Of col stripe narrows and is now located between the
antennal and the mandibular segment (Fig. 6D). During the following elongation stages the
furrows between the segments become more pronounced (Fig. 6E, F). The Of col stripe splits
(Fig. 6E) and separates into two spots in the furrow between the mandibular and the intercalary
segment (Fig. 6F). In embryos approaching the end of germ band elongation additional spots
appear along the head segments, which are similar to the initial Of col spots with respect to their
shape and relative segmental position, but are expressed at a weaker level (Fig. 6G, H). In
embryos during germ band retraction, the Of col expression pattern consists of a complex
punctate pattern in the central nervous system including the brain and additional spots along the

edge of the abdomen presumably in mesodermal tissue (Fig. 61).

Phenotypic effects of col RNAi in Oncopeltus fasciatus

We have then also tested the function of Of col in O. fasciatus using RNAI (Liu and Kaufman
2004a) (Supplementary Table 2). Embryos from females subjected to Of col RNAIi treatment
appear morphologically relatively normal when examined before dorsal closure. In the Of col
RNAi embryos, the maxillary segment and appendages are morphologically normal, but the
mandibular segment and its appendage buds are slightly reduced and in addition the distance
between the mandibular and antennal appendages is shorter than in wildtype embryos at the

same stage, indicating missing intercalary tissue (Fig. 7B, D, F, H, J).

In these areas we have also detected changes in gene expression. The Hox gene Of lab is in
the wildtype expressed in the intercalary segment (Fig. 7A) (Angelini et al, 2005). In Of col RNAI
embryos the Of lab gene is still expressed, but the expression area is severely reduced (Fig.
7B). The gene Of proboscipedia (Of pb) is normally expressed in the intercalary and mandibular

segment (an additional domain is present in the distal part of the labial appendages) (Fig. 7C)
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(Angelini et al, 2005). In Of col RNAi embryos the two spots of Of pb expression in the posterior
mandibular segment are still present, but the expression in the anterior mandibular segment and
in the intercalary segment is missing (Fig. 7D). The Of Deformed (Of Dfd) gene is normally
expressed in the mandibular and maxillary segments including the appendages (Fig. 7E)
(Angelini et al, 2005). The expression of Of Dfd in the Of col RNAi embryos is similar to the
wildtype expression pattern, except that the total length of the Of Dfd domain is reduced owing
to the reduction of the mandibular segment and its appendages (Fig. 7F). The gene en is
expressed in the posterior portion of all segments (Fig. 7G) (Liu and Kaufman, 2004b). In the
Of col RNAI embryos the expression is relatively normal, but the two intercalary en stripes are
missing and the mandibular en stripe is smaller than in the wildtype (Fig. 7H).

In wildtype embryos after dorsal closure the mandibular appendages start to assume their stylet
shaped morphology (Fig. 8A). In Of col RNAi embryos at the same stage the mandibular stylets
are somewhat thicker and shorter than in the wildtype (Fig. 8B). An effect not expected on the
basis of the Of col expression pattern was observed in embryos shortly before hatching. In the
wildtype the antennae reach almost the posterior end of the embryo (Fig. 8C) and the
mandibular stylets are already very thin pin-shaped structures (Fig. 8A). In Of col RNAI animals,
however, the antennae are much shorter, often twisted in a corkscrew manner, and consist
mainly of necrotic tissue as indicated by their conspicuous black color (Fig. 8D). In some
specimens the antennae are necrotic, thickened and bent, but not strongly twisted and the
mandibular stylets are normal (Fig. 9B). In other specimens the antennae are necrotic and
severely twisted and the mandibular stylets are of normal shape, but necrotic as well (Fig. 9C).
Finally, some specimens show severely shortened and bloated necrotic antennae and necrotic

mandibular stylets that still have the morphology of earlier embryonic stages (Fig. 9D).

We have also tested for a selection of appendage genes since the downregulation of Of col via
RNAI later also affects the development of the antennal appendages. The distal appendage
marker gene Of Distal-less (Of DII) is expressed in the distal part of all appendages except for
the mandible (Angelini and Kaufman, 2004). In the antenna it is expressed in a medial ring and a
distal spot (Fig. 7I). This expression pattern is unchanged in the antennae of Of col RNAI
embryos even though the adjacent intercalary and mandibular segments are morphologically
clearly affected (Fig. 7J). We have also tested the expression of the appendage marker genes
Of dachshund (Of dac), Of homothorax (Of hth) (Angelini and Kaufman, 2004), and Of Sp8/9
(Schaeper et al., 2009), and we also could not detect any differences in gene expression of
these three genes in wildtype and Of col RNAi embryos (data not shown).

These results agree with the morphologically normal appearance of the antennae at these

embryonic stages. Thus the necrosis observed at later stages does not seem to be caused by

104



Results

patterning defects within the antennae, this rather appears to be a secondary effect of intercalary

segment malformation triggered only late in embryogenesis.

Expression of collier in non-insect arthropods

The data from D. melanogaster, T. castaneum and O. fasciatus indicate that the role of col in
head development is conserved in the insects. However, differences in the regulation of lab
suggest a certain degree of evolutionary plasticity of col function in the insects. In order to further
investigate the degree of evolutionary plasticity of col expression outside of the insects, we
cloned col homologues of the beach hopper P. hawaiensis, a representative of the Crustacea,
and the common house spider A. tepidariorum, a representative of the Chelicerata, and studied
their expression. In both cases we could not detect any early expression of col in the embryo
(not shown). In P. hawaiensis Ph col expression was first detected during germ band elongation
in the central nervous system including the brain (Fig. 10A, B) and the posterior body portion
(pleosoma and urosoma) (Fig. 10C). Additional expression was detected in lateral (=future
dorsal tissue) segmental spots along the trunk (Fig. 10C, arrows). In A. tepidariorum At col
expression was first detected in fully extended germ band stages (not shown) and persists
through the process of germ band inversion (Fig. 10D-G). As in P. hawaiensis, At col expression
is always confined to the nervous system and spots in the dorsal portion of the trunk, and the
punctate pattern of the segmental expression in the nervous system is virtually identical in all
segments (Fig. 10D, E) including the pedipalpal segment that corresponds to the second
antennal segment and the intercalary segment in crustaceans and insects, respectively. The
expression in the brain is restricted to a small number of cells at the anterior edge (Fig. 10F). In
the opisthosoma (abdomen) the neural expression does not reach into the posterior-most body
segments (Fig. 10G), probably correlating with the rudimentary nature of the nervous system in
this body part.

Discussion

The role of collier in insect head development

Previous work in D. melanogaster has shown that col functions at the interface between the
patterning mechanisms of the head and the trunk (Crozatier et al., 1996; Crozatier et al., 1999,
Seecoomar et al., 2000). It is expressed in PSO which gives rise to the posterior part of the
intercalary segment and the anterior part of the mandibular segment, and the loss of col leads to
the loss of these head parts (Crozatier et al., 1996; Crozatier et al., 1999). Our col expression
data from T. castaneum agree with the results of Economou and Telford (2009) and show that

Tc col is expressed at the junction between the mandibular and the intercalary segment and thus
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in a similar region as in D. melanogaster. The elevated cell death levels in the intercalary
segment area in Tc col RNAi embryos at germ band elongation and retraction stages show that
the intercalary anlage is gradually reduced by cell death. Gene expression in this segment in Tc
col RNAI embryos is partially wildtype (normal Tc lab expression), but other genes are no longer
activated in this area (lacking intercalary Tc wg, Tc en, and Tc hh spots) or are no longer
repressed in this area (fused Tc cnc domains). The larval bent head phenotype suggests that at
this stage of development in Tc col RNAI animals, the intercalary segment is already severely
reduced if not absent. However, the bristle markers that have been attributed to the intercalary
segment on the basis of their absence in Tc lab RNAI larvae (Posnien and Bucher, 2009) are all
present in Tc col RNAI larvae. This suggests that the area deleted in the heads of Tc lab RNAI
larvae is larger than the area deleted in Tc col RNAIi animals. Interestingly, in D. melanogaster
the loss of lab also affects an area that is larger than its expression domain in the intercalary
segment: loss of lab eliminates the intercalary segment, but secondarily also leads to cell death
in adjacent segments resulting in the loss of mandibular, maxillary and labial structures (Merrill
et al., 1989). Posnien and Bucher (2009) did not test for cell death in the Tc lab RNAi animals,
but we presume the effect of Tclab loss in T. castaneum to be similar to the effect in D.
melanogaster, leading to the loss of the intercalary segment as well as portions of adjacent
segments. This is supported by the fact that some of the marker bristles are not only missing

after Tc lab RNAI, but are also absent when other head segments are missing.

This interpretation is also supported by our results with Of col RNAI in O. fasciatus. Of col is also
expressed spanning the junction between intercalary and mandibular segment, and thus at a
similar location as col in D. melanogaster and T. castaneum. The lack of the intercalary
expression of Of pb and Of en shows that pattern formation in the intercalary segment is
disturbed in Of col RNAiI embryos. The lack of the Of pb expression in the anterior mandibular
segment suggests that this portion is affected as well. In contrast to D. melanogaster (Crozatier
et al., 1996; Seecoomar et al., 2000) and T. castaneum (this work), Of col RNAi also reduces the
expression of Of lab. At later stages of embryogenesis large portions of the antennal and
mandibular segments including their appendages degenerate by necrosis. Thus, the loss of Of
col function in O. fasciatus leads to the loss of more segments than would be expected from its
expression domain. This is caused by necrotic cell death and seems to be a secondary effect of
Of col loss, reminiscent of the effect of lab loss in D. melanogaster (Crozatier et al., 1996;
Seecoomar et al., 2000). The triggering of cell death in adjacent head segments upon the loss of
larger parts of the intercalary segment — either by direct loss of lab (in D. melanogaster and T.
castaneum) or secondary loss of lab after loss of col function (in O. fasciatus) — appears to be a

common theme in the insects.
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Evolution of col function and the origin of the appendage-less character of the

tritocerebral segment in insects

The late expression in the central nervous system is highly conserved in all arthropod species
that have been investigated, and thus likely represents an ancestral role of col in the Arthropoda.
A role of col related genes in nervous system development is also present in animals as diverse
as nematodes, vertebrates, and cnidarians, and thus this role is ancestral in the entire Metazoa
(Prasad et al., 1998; Dubois and Vincent, 2001; Pang et al., 2003). The late expression in the
mesoderm (muscle primordia) is also present in all arthropods investigated. However, this
feature is apparently restricted to arthropods (including data from D. melanogaster) (Crozatier
and Vincent, 2008).

In D. melanogaster, col has an early expression domain in the head region that fulfils a crucial
role in head development, being necessary for pattern formation and the proper formation of the
intercalary and mandibular segments. This function is conserved in T. castaneum and O.
fasciatus, although in O. fasciatus differences exist in the regulation of the Hox gene lab
(discussed above). The function of col in the head appears to be an insect novelty, because
there is no early head expression of col in the spider A. tepidariorum and the crustacean P.
hawaiensis. We propose that the ancestral function of col in the arthropods was in the
development of the nervous system and in parts of the mesoderm. This condition has been
conserved in extant chelicerates and crustaceans, as evidenced by the col expression pattern in
the spider A. tepidariorum and the crustacean P. hawaiensis. We speculate that in the insect
lineage col expression in the tritocerebral segment has come under the control of the head
patterning mechanisms and has gained a novel early function in the development of this
segment. The occurrence of this novel function of col and the ocurrence of a true intercalary
segment — an appendage-less tritocerebral segment — coincide, which suggests that col in
insects has a role in causing the appendage-less state of this segment, probably by controling
the normal segment formation machinery (e.g. hh, en, wg) or the appendage formation
mechanisms (e. g. DIl). To test this idea sophisticated manipulations in D. melanogaster are

necessary in order to identify the genes and regulatory sequences controlled by col.
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Figures

Figure 1. Expression of Tc col (blue) and Tc wg (red) in T. castaneum embryos. (A) Gastrulating
germ band. (B) Young germ band, slightly more advanced than the embryo in A. (C) Embryo
before serosal closure. (D) Embryo at serosal closure. The arrow points to internal expression
likely in the mesoderm. (E) Embryo at the onset of germ band elongation. The arrow points to
the internal expression that has already retracted anteriorly compared to earlier stages. (F-L)
Anterior ends of embryos at increasingly older developmental stages.

(F) Embryo at early germ band elongation. (G) Mid germ band elongation embryo. (H) Embryo
shortly before full elongation. (I) Fully elongated embryo. (J) Embryo at early germ band
retraction. (K) Embryo slightly more advanced than that in J. (L) Embryo approaching mid germ
band retraction. Anterior is to the top in all panels. Abbreviations: oc, ocular region; md,
mandibular segment; mx, maxillary segment; Ib, labial segment; t1, prothoracic segment; t2,

mesothoracic segment; Ir, labrum; st, stomodeum; an, antennal segment.
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Figure 2. Expression of Tc col (blue) and Tc wg (red) in T. castaneum embryos. (A) Embryo at
early germ band retraction. Note the lateral spots of expression in the thorax (arrows). (B)
Embryo slightly more advanced than that in A. The lateral expression is now in the thorax and
the anterior abdomen (arrows). (C) Embryo approaching mid germ band retraction. The arrow
denotes the beginning expression in the ventral nervous system. (D) Embryo at mid germ band
retraction. The punctate pattern in the ventral nervous system is denoted by the arrow. (E)
Embryo approaching the end of germ band retraction. The arrow points to the expression in the
ventral nervous system. (F) Embryo approaching dorsal closure. Anterior is to the left in all
panels. Abbreviations: t1, prothoracic segment; t2, mesothoracic segment; t3, metathoracic
segment; al, first abdominal segment. Please note that the dark staining in the appendage
(pleuropodium) of the first abdominal segment is a known artefact obtained with any probe at

older developmental stages.
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Figure 3. Cell death in Tc col RNAi embryos detected by TUNEL. (A, C, E) Anterior ends of
wildtype embryos. (B, D, F) Anterior ends of Tc col RNAi embryos. (A, B) Embryos at late germ
band elongation. The arrow in B points to the patch of labeled cells in the intercalary segment
area. (C, D) Early germ band retraction embryos. The arrow in D denotes the band of TUNEL
positive cells anterior to the mandibular segment. (E, F) Mid germ band retraction embryos. The
arrow in F points to the band of TUNEL positive cells anterior to the mandibular segment and
covered by the antennal appendages. Anterior is up in all panels.
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Figure 4. Gene expression in Tc col RNAI embryos. All panels show anterior ends of T.
castaneum embryos with anterior up. (A-D) Expression of Tc wg (red) and Tc en (blue). (E-H)
Expression of Tc wg (red) and Tc hh (blue). (I, J) Expression of Tc wg (red) and Tc cnc (blue).
(K, L) Expression of Tc wg (red) and Tc lab (blue). In germ band elongation stages (A) Tc en is
expressed in two dots in the intercalary segment area (arrow in A). In Tc col RNAi embryos at
the same age these dots are missing (arrow in B). In germ band retraction stages (C) Tc wg is
additionally expressed in two dots anteriorly adjacent to the Tc en dots (arrow in C, and
magnified in C"). These dots are missing in Tc col RNAi embryos at the same stage (arrow in D).
In germ band elongation (E) and retraction stages (G) Tc hh is expressed in two dots in the
intercalary segment (arrows). These spots are missing in Tc col RNAi embryos of the same age
(arrows in F and H). Tc cnc is expressed in two separate domains around the stomodeum and in
the mandibular segment and the intercalary segment area is free of Tc cnc expression (arrow in
). In Tc col RNAi embryos the two separate Tc cnc domains are joined (arrow in J). Tc lab is
expressed in a stripe in the intercalary segment area in wildtype (arrow in K) and Tc col RNAI

embryos (arrow in L).
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Figure 5. Larval phenotype of Tc col RNAI. (A) Live T. castaneum wildtype larva. (B) Live Tc col
RNAI larva with the typically bent head. Anterior is left in all panels.
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Figure 6. Expression of Of col in O. fasciatus embryos. (A, B) Blastoderm embryo in brightfield
microscopy (A) and fluorescent microscopy in order to visualize the Sytox Green stained nuclei
(B). Anterior is to the left in A, B. (C-H) Anterior portion of embryos at different developmental
stages. (C) Young germ band. (D) Embryo at early germ band elongation. (E) Embryo at mid
germ band elongation. (F) Embryo slightly more advanced than the one in E. (G) Embryo at the
end of germ band elongation. Note the expression in the developing ventral nervous system
(arrows). (H) Embryo slightly more advanced than the one in G. The expression in the ventral
nervous system is stronger (arrows). (I) Embryo at mid germ band retraction. Arrows denote
lateral, presumably mesodermal, expression dots. Anterior is up in C - I. Abbreviations: an,
antennal segment; md mandibular segment; mx, maxillary segment; Ib, labial segment; t1,

prothoracic segment; t2, mesothoracic segment; t3, metathoracic segment.
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wildtype Of-col RNAi

Figure 7. Gene expression and early embryonic phenotype in Of col RNAi embryos. (A, B)
Expression of Of lab in the intercalary segment is reduced in Of col RNAi embryos (arrows). (C,
D) Expression of Of pb in the anterior mandibular segment and the intercalary segment
(arrowhead) is missing in Of col RNAi embryos (D). The Of pb dots in the posterior mandibular
segment (arrows) are present in wildtype and Of col RNAi embryos. (E, F) Expression of Of Dfd
in the mandibular and maxillary segment in wildtype (E) and Of col RNAi embryos (F). (G, H)
The stomodeal expression of Of en (arrowhead) is present in wildtype (G) and Of col RNAI
embryos (H), but the intercalary en dots (arrow) are missing in Of col RNAIi animals. (I, J)
Expression of Of DIl is indistinguishable in wildtype (I) and Of col RNAi embryos (J). Anterior is

to the left in all panels. Abbreviations see Fig. 6.
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Of-col RNAI

Figure 8. Late embryonic phenotype of Of col RNAi embryos. (A, B) Fluorescence micrographs
using Sytox Green showing embryos after dorsal closure in frontal view. (A) Wildtype embryo.
(B) Of col RNAi embryo. Note the malformed mandibles. (C, D) Embryos shortly before hatching.
Note the long antennae of the wildtype (arrow in C denotes distal end) and the shortened,
necrotic antennae in Of col RNAi embryos (arrow in D points to the distal end). Anterior is to the

left in C, D. Abbreviations: Ir, labrum; an, antenna; md, mandible.
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Figure 9. Late embryonic phenotype of Of col RNAi embryos. (A) Head of a wildtype embryo
shortly before hatching. The arrows point to the stylet-shaped mandibles. (B-D) Heads of Of col
RNAi embryos shortly before hatching. Arrows point to the mandibles (if visible in the
preparation). Note the blackish appearance of the necrotic tissue of the antennae. Anterior is to

the left in all panels. Abbreviations: Ir, labrum; an, antenna; Ib, labium.
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Figure 10
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Figure 10. Expression of col in non-insect arthropods. (A-C) Expression of Phcol in the
crustacean P. hawaiensis. (A) Embryo at stage S22 (Browne et al. 2005). The arrow points to
the expression in the ventral nervous system. Anterior is up. (B) Magnification of the anterior
portion of the embryo in A. Anterior is up. (C) Posterior end of an embryo at stage S23 showing
expression in the ventral nervous system and in lateral, presumably mesodermal spots (arrows).
Anterior is to the left. (D-G) Expression of At col in embryos of the spider A. tepidariorum at late
inversion. (D) Lateral view and anterior is up. The arrow denotes lateral expression. (E) Ventral
aspect and anterior is up. (F) Frontal view. Arrows point to spots in the anterior rim of the head
lobes. (G) Posterior view. Note that the expression in the ventral nervous system reaches only
up to the 8th opisthosomal segment (arrow) and does not extend to the posterior-most
segments. Abbreviations: Ir, labrum; anl, first antennal segment; an2, second antennal
segment; md, mandibular segment; mx1, first maxillary segment; pl, pleosoma; ur, urosoma; ch,

chelicera; pp, pedipalp; I1 - 14, walking leg 1 to 4; hl, head lobe; al, anal lobe.
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Supplementary Information

Supplementary Table 1: Statistical analysis of parental Tc col RNAI

WT n (%) empty egg bent head totaln
shells n(%) phenotype n(%)
Tc col pRNAI 293 (33,1%) 120 (13,5%) 473 (53,4%) 886
control 432 (84,9%) 77 (15,1%) 0 (0%) 509

(injection buffer)

Supplementary Table 2: Statistical analysis of parental Of col RNAI

WT n (%) unspecific* necrotic total n
n(%) antennae
phenotype n(%)
Of col pRNAI 74 (19,5%) 36 (9,5%) 270 (71%) 380
control 123 (94%) 8 (6%) 0 (0%) 131

(injection buffer)

Given are the total numbers (n) of specimens in each category. WT stands for wild-type
specimens after injection.

* unspecific phenotypes were specimens that showed some development, but had died before
any discernible morphology was formed. These phenotypes had a similar frequency in the

pRNAI and in the control injections.
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4 Discussion

4.1 The evolution of the Sp transcription factor family

Previous studies in Drosophila melanogaster suggested that the two Sp factor genes D-Spl and
the head gap-like gene btd arose from a recent gene duplication. Evidence for this hypothesis
were the similar postblastodermal expression patterns of both genes as well as partially
redundant developmental functions, and genomic mapping to the same cytological band on the
X-chromosome (Wimmer et al., 1996; Schéck et al., 1999). Besides these two Sp genes, also a
third Sp gene, namely CG5669, is present in the genome of D. melanogaster. No functional data
are available for this particular gene at present.

Two scenarios of the origin of these three Sp factor genes are possible. First, a set of two Sp
genes is ancestral and btd arose recently from a gene duplication or second, three Sp genes

were already present in ancestral bilaterian species.

4.1.1 Phylogenetic sequence analysis, protein domain structure and chromosomal

location of Sp genes reveal their homology

To better understand the evolution of the Sp family genes, we first searched for Sp factors in the
sequenced insect genomes of Drosophila pseudoobscura, Anopheles gambiae, Bombyx mori,
Apis mellifera, Nasonia vitripennis and Tribolium castaneum in order to establish the number of
Sp family genes in holometabolous insects. In all these holometabolous insects three Sp factor
genes are present (see 3.1).

To include more arthropod species also from outside the Holometabola, we performed a PCR
based search in cDNA collections from the hemimetabolous insect O. fasciatus, the basal
hexapods T. domestica and F. candida, and the cruastacean P. hawaiensis. In T. domestica and
F. candida, also three Sp genes could be found, whereas only two could be isolated from
O. fasciatus and P. hawaiensis. We could also detect three Sp genes in the completely
sequenced genome of the crustacean Daphnia pulex. The most likely explanation for the fact
that only two Sp genes could be isolated from O. fasciatus and P. hawaiensis is that we missed
the third Sp gene in our PCR survey. It is unlikely that these transcripts were missing in our
cDNA pool because a whole range of embryos from all developmental stages were used.
Maybe, the sequence of this Sp homolog is highly derived in these species so that our

degenerate primers could not bind properly.
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The fact, that an expanded screen for Sp genes outside the arthropods also identified three Sp
genes in the completely sequenced genomes of the echinoderm Strongylocentrotus purpuratus,
the chordate Branchiostoma floridae and also in the cnidarian N. vectensis as well as the
placozoan Trichoplax adhaerens supports the idea, that a set of three Sp genes is ancestral in
the Metazoa (see 3.1).

The phylogentic analysis of all obtained Sp factors, using the conserved region of the Btd-box
and the three zinc fingers revealed three monophyletic groups. One group contains all the
vertebrate Spl, Sp2, Sp3 and Sp4 genes as well as a single representative of each of the
invertebrate species. Therefore we termed this group Spl-4 clade. The second group contains
the vertebrate Sp5 genes and one invertebrate representative of each species including
D. melanogaster btd. Hence we termed this group Sp5/btd clade. The third group contains the
remaining vertebrate Sp genes Sp6, Sp7, Sp8 and Sp9 as well as one invertebrate Sp factor of
each species and thus it was termed Sp6-9 clade. Indeed, the D. melanogaster D-Spl groups
into the Sp6-9 clade which supports the idea for closer homology of this gene to the vertebrate
Sp6-9 genes.

The third D. melanogaster Sp factor besides D-Sp1 and btd, CG5669, groups in the Sp1-4 clade
and thus each of the three monophyletic group of Sp factors obtained in the phylogenetic
analysis contains one Sp gene from D. melanogaster (see 3.1). The two isolated Sp genes each
from O. fasciatus and P. hawaiensis group to the Spl-4 clade and Sp6-9 clade, respectively.
This indicates that the Sp5/btd homologous gene of each species was missed in the PCR
survey. The fact that each single invertebrate Sp representative groups into each one of these
clades strongly supports the existence of three Sp genes in the ancestral state of the Metazoa,
namely one Spl-4 gene, one Sp5/btd and one Sp6-9 gene. The higher number of Sp genes in
vertebrates is due to independent duplication events in the vertebrate lineage.

Next, protein domains of Sp factors were analyzed to find further evidence for the classification
of the subgroups. Bouwman and Philipsen (2002) already grouped the human Sp factors into
two groups, one containing the Sp factors Spl, Sp2, Sp3 and Sp4, and the other group
containing the (to that time known) remaining Sp factors Sp5, Sp6, Sp7 and Sp8. In our analysis,
we also used the protein sequences from human Sp factors (including Sp9) as well as the three
Sp factor sequences of the cnidarian N. vectensis, and the arthropods D. melanogaster,
A. mellifera, T. castaneum, F. candida, T. domestica, O. fasciatus and P. hawaiensis. By
considering their protein structure domains other than the conserved part of the Btd-box and the
three zinc fingers, we found evidence for subdivision of this protein family in two larger
subgroups. One contains all Sp1-4 factors and the other all Sp5/Btd as well as Sp6-9 (see 3.1).
In addition we found characters by which we could further subdivide the Sp5-9/Btd group into a
Sp5/Btd and a Sp6-9 group, as also indicated by the phylogenetic analysis (see 3.1).
Furthermore, our analyses let us to the detection of slightly different protein structure domains

within the N-termini of the human Sp factors Sp6 and Sp7, consisting mainly of Threonine and
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Proline instead of only Proline as stated by Bouwman and Philipsen (2002). Therefore, human
Sp 6 and Sp7 fit well into the Sp6-9 group, in which the Sp factors contain domains of mainly
Serine and Proline or Serine and Threonine. All Sp factors of the Spl-4 clade are highly
conserved in their amino acid composition and show Glutamine as well as Serine and Threonine
rich regions.

Besides, the chromosomal location of Sp genes suggests an ancestral triplet. In the cnidarian
Nematostella vectensis, all three Sp genes are located on one single scaffold (scaffold 53)
(Putnam et al., 2007). The close proximity of Spl-4, Sp5/btd and Sp6-9 suggest that these
genes form a gene cluster of closely related genes which evolved by tandem gene duplication
similar to the Hox gene cluster. In the human genome nine Sp genes are present, which are
distributed to only four chromosomes. Interestingly, on the human chromosome 2 there are also
three Sps in close proximity to each other: Sp3, Sp5 and Sp9. Like in N. vectensis one gene of
the Spl-4 clade, one of the Sp5/btd clade and also one of the Sp6-9 clade form a triplet gene
cluster. Due to genome duplications in the vertebrate lineage, these three genes were subject of
several duplication events. Thus, besides the three Sp genes on human chromosome 2, Sp4
and Sp8 are found on chromosome 7, Spl and Sp7 on chromosome 12 and Sp2 and Sp6 on
chromosome 17 in humans.

The genomes of arthropods like D. melanogaster, A. gambiae, A. mellifera, T. castaneum and
D. pulex show that in each case, the Sp5/btd and Sp6-9 genes directly face each other on the
same chromosome whereas the Spl-4 gene is located on another chromosome. Interestingly,
Sp genes are often located close to the Hox genes. In human, Sp3, Sp5 and Sp9 are linked to
the Hox D cluster and the remaining Sp genes are arranged in duplets of one Spl-4 clade gene
and one Sp6-9 clade gene which are directly linked to the remaining three Hox clusters (see
3.1). In D. melanogaster and A. gambiae Spl1-4 is linked to the Hox cluster. Unfortunately, Sp1-4
in T. castaneum und A. mellifera is placed in unassembled reads. Therefore we cannot make a
conclusion about their location relative to the Hox genes for now. The scaffold data from
N. vectensis were partially assembled into putative ancestral metazoan linkage groups (Putnam
et al.,, 2007; Ryan et al., 2007). These data also suggest that the Sp genes are located next to
Hox genes on the hypothetical ancestral linkage group PAL A. This suggests that the Hox gene
cluster and the Sp cluster were ancestrally located next to each other and might have co-
evolved.

It would be interesting to search for Sp genes in the genomes of sponges (e.g. Amphimedon
gueenslandica) and choanoflagellates (e.g. Monosiga brevicollis). The genome sequencing of
these two species will be finished soon. The set of Sp genes in these species could be analyzed
to draw further conclusions about the ancestral state of Sp factors. It might be the case that a set
of two Sp genes were ancestral, namely Spl-4 and Sp5-9, and then Sp5-9 got duplicated later
which resulted in the triplet Sp set already existing in Trichoplax adhaerens und Nematostella

vectensis. It would also be important to further assemble and annotate the sequenced basal
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metazoan genomes to draw conclusions about the relationship of Sp genes to Hox genes and

putative ancestral Hox clusters.

4.1.2 Expression pattern analyses of Sp genes further support their orthology

Besides, the analyzed expression patterns of arthropod Sp genes support their distribution to the
three clades of Sp factors and the orthology to the vertebrate Sp genes. The analyzed arthropod
Spl-4 genes are expressed ubiquitously throughout embryogenesis like it is known for their
vertebrate homologs and therefore supporting their orthology. Sp5/btd is very similarly
expressed in D. melanogaster, T. castaneum und T. domestica, namely in an early anterior
stripe and later a metameric pattern emerges. In older stages an expression in the appendages
and the nervous system can be detected. We were not able to fix early F. candida embryos but
the later expression pattern of Sp5/btd is similar to those of the other analyzed arthropods with
expression domains in the nervous system and appendages (see 3.1).

Zebrafish Sp5 is expressed in a head stripe along the midbrain-hindbrain boundary, in the otic
vesicles, diencephalon, tail bud and also in the somites (Tallafuss et al., 2001). Sp5-like in
zebrafish is expressed in a partially overlapping pattern in ectodermal and mesodermal tissue,
brain, trunk crest cells and somites (Zhao et al., 2003). Mouse Sp5 is also expressed in a head
stripe in the midbrain-hindbrain boundary, the primitive streak, and later on in the tail bud, otic
vesicles, pharyngeal region, central nervous system, somites and limb buds (Treichel et al.,
2001). In summary, vertebrate expression patterns of Sp5/btd genes are similar to the arthropod
Sp5/btd expression and thus support the orthology of this clade.

Sp6-9 expression in insects and crustaceans is highly conserved. The expression pattern
becomes first visible when the appendages start growing. In D. melanogaster, D-Spl is
expressed in the developing leg and antennal discs (Estella et al., 2003). Later on, Sp6-9 is also
expressed in the nervous system. The arthropod Sp6-9 expression patterns are similar to the
pattern of vertebrate Sp8 and Sp9. Data from mouse, chicken and zebrafish revealed an
expression for both genes in the limbs and fins and for Sp8 also in the nervous system (e.qg.
Treichel et al., 2003; Kawakami et al., 2004). Functional data for arthropod genes of this clade
are available for Of Sp8/9 and Tc Sp8 (Beerman et al., 2004; Schaeper et al., 2009 (see 3.3)). In
both insects these genes are crucial for limb outgrowth, like it is the case for the vertebrate Sp8
and Sp9 genes (e.g. Treichel et al.,, 2003; Kawakami et al., 2004). Therefore, Sp6-9 has an
ancestral role in appendage formation irrespective of the homology of the appendages. This is
also supported by the expression pattern of Sp6-9 in the tentacles of the sea anemone

N. vectensis (see 3.4).
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Insights into the possible ancestral function of Sp genes are provided by the sea anemone
N. vectensis. First analyses for the three Sp genes in N. vectensis showed expression in single
scattered cells throughout the embryo in gastrula and early planula stages (see. 3.4). These
cells seem to be interstitial cells and nematocytes. Besides, Nv Sp6-9 is expressed in the
budding tentacles of metamorphosing planulas. This expression might indicate an ancestral role
for Sp6-9 in body wall outgrowths, as it was also shown for the appendage gene Distal-less (Dll)
(Panganiban et al., 1997). Due to problems with N. vectensis husbandry and perturbed
spawning and resulting embryonic developmental problems we were not sure about the validity
of these data. Therefore, these preliminary data have to be confirmed.

In summary, the data strongly support the idea that a set of three Sp genes is ancestral within
the metazoans. According to this, the recent gene duplication theory proposed for
D. melanogaster btd and D-Spl has to be regarded as unlikely. However, as mentioned above,
it is possible that more basal organisms than T. adhaerens possess only two Sp genes, one
Sp1l-4 gene and one Sp5-9 gene. This Sp5-9 ancestor then became duplicated which led to the
eumetazoan triplet of Sp factors. Thus, btd and D-Sp1 might be descendants from one ancestral

gene, but this duplication just took place much earlier in evolution than proposed.

4.2 Influence of Sp family members in arthropod head development

In D. melanogaster, btd is a gap-like head gene which causes severe cephalic defects in the
antennal, mandibular and intercalary region when mutated (Cohen and Jurgens, 1990; Wimmer
et al., 1993). When knocked down in T. castaneum, btd does not cause any detectable head
defect (Schinko et al., 2008) but affected embryos and larvae show leg defects (see 3.2). The
second Sp factor in T. castaneum, Tc Sp8, is involved in allometric limb growth (Beermann et
al., 2004) (see also 3.2). Interestingly, the third Sp factor in T. castaneum besides Tc btd and Tc
Sp8, named Tc Spl-4 (see 3.1) leads to headless larvae when knocked down via RNAI. These
data show that Tc Spl-4, but not Tc btd, has a significant role in head development in
T. castaneum being required for the formation of all head segments. This suggests that the
developmental functions can be switched between paralogs of the same gene family.

Sp proteins share a very similar region containing three zinc fingers as putative DNA binding
motifs. Therefore, all three proteins might have similar DNA binding activities in vivo and
regulate similar sets of target genes. Indeed, Schock et al. (2000) could demonstrate a complete
rescue of the D. melanogaster btd mutant phenotype to wildtype by providing an engineered
form of Btd in which the Dm Btd zinc finger motif had been replaced with the human Spl zinc
finger motif. Since human Spl belongs to the Spl-4 clade of Sp factors and Dm Btd to the

Sp5/Btd clade (see 3.1), this indicates that at least zinc finger binding specificities are not
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specific to the different Sp clades. Other motifs in these proteins might thus be responsible for
their specific functional attributes.

A certain degree of functional redundancy might be possible, as already demonstrated in D.
melanogaster: D-Spl (the ortholog of Tc Sp8) and btd can partially substitute for each other in
mediating leg growth (Estella et al., 2003). Putative functional redundancies might mask a head
role of Tc btd or Tc Sp8, or might mask an additional role of Sp1-4 in the formation of the thorax
or the abdomen. To exclude this possibility, combinatorial double-injections in T. castaneum
were performed. Only double injections for Tc Sp8 and Tc btd led to a more severe phenotype
than each gene alone, indicating that the two genes have partially redundant functions in leg
development, similar to the situation in D. melanogaster (Estella et al., 2003). The other Sp
combinations seem not to have partially redundant functions. However, RNAIi often does not
lead to a complete knockdown of gene function. Furthermore, in double injected beetles the
amount of each dsRNA is lesser than in single injected animals. This could explain why double
injections of two Sp genes do not enhance the phenotype. Therefore T. castaneum mutants for
these three Sp genes have to be identified in order to fully clarify the question of redundancy.
Additional experiments should be carried out to further investigate the Tc Sp1-4 phenotype.
Recent studies in T. castaneum have already indicated that the head patterning mechanisms in
this species differ from those in D. melanogaster. Intriguingly, the headless phenotypes resulting
from Tc Spl-4 RNAI are virtually identical to the Tc otd RNAi phenotypes (Schrdder, 2003;
Schinko et al., 2008). This suggests a function for Tc otd and Tc Sp1-4 on similar levels in the
same genetic circuit during head patterning. Schroder (2003) could also show a synergistic
influence of otd and hb in T. castaneum. In double RNAi animals, only a few abdominal
segments remain. Therefore removal of hb severes the otd phenotype. Thus, also hb should be
analyzed in Tc Spl-4 RNAI embryos. Otd expression in Tc Spl-4 RNAi embryos is wildtype.
Therefore we suggest that Spl-4 acts directly downstream of otd but upstream of factors
determining smaller areas of the head, like e.g. Tc col. To address this question further, Sp1-4
should be also stained in Tc otd embryos. Schoppmeier et al. (2009) could show a function for
Mex-3 in T. castaneum head development. The loss of function phenotype of Mex-3 is also very
similar to the Sp1-4 RNAIi phenotype. Mex-3 and zen-2, a gene sharing common ancestry with
the dipteran anterior morphogen Bicoid, together repress Caudal. Therefore, Mex-3, zen-1 and
zen-2 should also be stained in Tc Sp1-4 embryos, and vice versa.

Tc Spl-4 is ubiquitously expressed and knockdown experiments resulted in a tissue specific
phenotype. Also mouse Spl, Sp3 and Sp4 are ubiquitously expressed but knock out mice show
also tissue specific phenotypes (Marin et al., 1997). This suggests that the function of the Sp1-4
genes might be regulated on the translational rather than the transcriptional level. Alternatively,
the protein activity or stability is regulated in a tissue specific manner by yet unknown co-factors.
It would be interesting to study Spl-4 distribution in T. castaneum by generating a protein-

specific antibody. Moreover, Wimmer et al. (1997) could show, that misexpression of Dm btd in
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the entire anterior half of the D. melanogaster embryo can rescue the btd mutant phenotype to
wildtype. Thus, the ectopic expression of btd does not disturb anterior patterning. It seems that
expression boundaries of a certain gene do not always correlate with its function, which could
also be the case for Tc Spl-4.

Due to the interesting head phenotype of Tc Spl-4, orthologs of this gene should also be
analysed in further arthropod species. Even in D. melanogaster no data are available for the
Sp1-4 homolog CG5669. Neither mutant- nor P-element lines are currently available for
CG5669. First preliminary knock down experiments with transgenic UAS-RNA hairpin lines
(Dietzl et al., 2007) for CG5669 did not show any head phenotype (data not shown). More
experiments with different Gal4 drivers have to be performed to reveal the function of CG5669.
The function of Spl1-4 should also be investigated in the hemimetabolous insect O. fasciatus

since RNAI is working in this species (see 3.3 and 3.5).

4.3 Contribution of collier to the formation of the tritocerebral segment

The D. melanogaster Sp factor and head gap-like gene btd is needed for proper activation of the
second-level regulator col (Crozatier et al., 1999). It was shown that Dm col is needed for
specifying the region of PSO and is therefore an important factor working at the interface
between procephalon and gnathocephalon. The loss of col leads to missing structures from the
intercalary and mandibular segments (Crozatier et al., 1996; Crozatier et al., 1999). Our data
from col homologs of other insects showed that col is also expressed early in a stripe in the
region of the intercalary and mandibular segments. Later on it is expressed in the nervous
system like it is the case for Dm col. However, col homologs from the crustacean P. hawaiensis
and the common house spider A. tepidariorum are not expressed early but only later in
development in the nervous system (see 3.5).

Loss of col in T. castaneum caused larvae with a bent head phenotype but all head bristles,
which can be assigned to certain head segments (Schinko et al., 2008) are still present. Further
analyses showed that Tc col RNAI leads to increased cell death in the intercalary region and the
intercalary spots of the segment polarity genes en, hh and wg are missing and the cap’n’collar
(cnc) expression domains fuse. However, lab expression is wildtype in Tc col RNAi embryos.
The same effects on marker gene expression were observed for Dm col deficient flies (Crozatier
et al., 1996; Seecomar et al., 2000).

The bent head phenotype, cell death data and the affected marker gene expression indicate that
the intercalary segment was affected by RNAi and that Tc col has therefore a role in formation of
the intercalary segment. On the other hand, we could not observe changes in the T. castaneum
putative intercalary segment bristles as it was observed in Tc lab RNAi larvae (Posnien and

Bucher, 2009b). One explanation for these divergent results could be that in Tc col RNAi only
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the posterior part of the intercalary segment is affected whereas the anterior part remains
unaffected. Maybe the posterior part of the intercalary does not give rise to head cuticle bristles.
Another explanation would be that the Tc lab RNAI bristle phenotype is caused by cell death in
the intercalary and adjacent head segments. This was reported for Dm lab where loss of lab
leads to secondary cell death not only in the intercalary segment, but also in the adjacent
segments and therefore loss of mandibular, maxillary and labial structures (Merrill et al., 1989).
This is also indicated by the fact that some head bristle markers are not only missing in lab RNAI
larvae, but are also absent when other head segments are missing (Posnien and Bucher,
2009Db).

To answer this question, lab RNAi embryos should be stained for col to test whether col is
affected. Furthermore, TUNEL should be performed to test for increased cell death in the head
region in lab RNAi embryos.

col RNAI also causes defects in head segments in O. fasciatus. Molecular data from marker
gene expression in col RNAi embryos indicate that the intercalary segment and the anterior part
of the mandibular segment are missing. Interestingly, in contrast to col knockdown in
T. castaneum and D. melanogaster, lab expression from early on is almost gone in Of col RNAI
embryos. This suggests that lab activation requires col in O. fasciatus. Later in development it
becomes visible that the antennae and mandibles are also affected in their morphology. They
are much shorter than in wildtype and become necrotic. This necrotic cell death might also be a
secondary effect as described for Dm lab and in O. fasciatus might actually be caused by the
down regulation of Of lab after Of col RNAI.

In contrast to insects, in the crustacean P. hawaiensis and the chelicerate
A. tepidariorum col is not expressed early in the head, but only late in the nervous system. Data
not only from D. melanogaster, but also from such diverse animals as nematodes, cnidarians
and vertebrates show a function for col homologs in the central nervous system (Crozatier et al.,
1996; Prasad et al., 1998; Dubois and Vincent, 2001; Pang et al., 2003; Crozatier and Vincent,
2008). Thus, the late function of col is ancestral within the metazoa. The observed mesodermal
expression of col (muscle primordia) seems to be specific for arthropods, as this function of col
was not observed outside the arthropods so far. Our data suggest that the early head function of
col is a novelty within the insects where col gained a novel function in the control of tritocerebral
segment patterning mechanisms. Obviously this new function in the tritocerebral segment
coincides with the lack of appendages, probably by controlling the known segment formation
machinery (e.g. en, hh, wg) and / or the appendage formation mechanisms (e.g. DII).

However, unpublished data from the myriapod Glomeris marginata (millipede) show that col is
also expressed in an early head stripe (Ralf Janssen, personal communication). The
tritocerebral segment in myriapods also lacks a pair of appendages like it is the case in insects.
These findings can be interpreted in different ways. First, contrary to recent phylogenies (e.g.

Hwang et al., 2001) myriapods could indeed be the sister group of insects as it was proposed in
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the past (e.g. Snodgrass, 1938; Cisne, 1974). The early col expression in the head indicates a
common ancestry of these two groups. Second, the early head function of col evolved
independently within insects and myriapods and is connected with the appendage-less state of
the tritocerebral segment in these two groups.

This scenario could thus be one example for a newly gained expression domain that contributes
to drastical changes in morphology. In the case of the tritocerebral segment appendages, this
change could be correlated with a new mode of life (e.g. the conquest of land). Extended studies
should be performed in D. melanogaster to find more regulatory sequences and genes
controlled by col.

4.4 Concluding remarks: Conserved function of conserved genes?

Genetic studies revealed a number of similarities in regulatory genes and signalling molecules
that function in growth and patterning of specific structures in insects and vertebrates (e.g. eye
formation (Hanson, 2001) or limb outgrowth (Panganiban, 1997)). Striking similarities during limb
formation were shown for the DIl gene in such diverse organisms as vertebrates, arthropods,
onychophorans, annelids and echinoderms (e.g. Panganiban, 1997) despite different anatomies
and evolutionary histories of these diverse appendages.

In this study, the examined expression pattern and function of the Sp family member Sp6-9 in
various arthropods and a cnidarian representative (see 3.1, 3.3, 3.3, 3.4) as well as existing
vertebrate data (e.g. Kawakami et al., 2004) also revealed a comparable conserved function in
appendage development as it was shown for DIl (e.g. Panganiban, 1997). Investigations of the
D. melanogaster head gene col showed a conserved function for col in the formation of the
intercalary segment (see 3.5). However, this early head function of col seems to be restricted to
appendage-less tritocerebral segments in the arthropods: An early head function for col could
only be shown in insects and myriapods (Ralf Janssen, personal communication). For other
arthropod classes like crustaceans and chelicerates (see 3.5) as well as all other bilaterian
species col only possesses a late neural function (e.g. Prasad et al., 1998; Pang et al., 2003;
Crozatier and Vincent, 2008), which seems to be ancestral. On the other hand, other genes
showed less conserved functions, even when compared among the same arthropod class. For
example, Dm btd is a head gap-like gene crucial for the formation of the antennal, mandibular
and intercalary segment (Cohen and Jirgens, 1990; Wimmer et al., 1993). In
T. castaneum btd obviously has no influence on head metamerization since no head phenotype
could be observed in Tc btd RNAIi knockdown (see 3.2). Furthermore, in D. melanogaster, btd is

required for col activation. However, in T. castaneum btd RNAi animals, col expression is still
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wildtype. Moreover, a new function of a hitherto unstudied gene in invertebrates could be shown.
The btd related gene Spl-4 has a role in head development in T. castaneum (see 3.2).

These latter data suggest that differences in head pattern formation exist not only between
vertebrates and invertebrates, but already within different arthropod classes or even among
different insect species. This might be due to adaptation to special conditions in one particular
organism or group. To reveal the diversity of the genetic mechanisms used for patterning of the
head segments, much more arthropod species and outgroup species (e.g. Onychophora,
Tardigrada) have to be included into developmental studies to define which parts are derived
and to what extent and which parts are conserved. Furthermore, additional methods have to be
developed and adapted to new organisms because the classical candidate gene approach

encounters difficulties and new gene functions need to be identified.
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6 Appendix

6.1 Abbreviations
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. gambiae (AQ)

. mellifera (Am)

. melanogaster (Dm)
. pulex (Dp)

. rerio (Dr)

. candida (Fc)

. vectensis (Nv)

. fasciatus (Of)

. hawaiensis (Ph)
. castaneum (Tc¢)
. adhaerens (Ta)
. domestica (Td)

dsRNA
Fig.
RNAI
Tab.
WT

Anopheles gambiae
Apis mellifera
Drosophila melanogaster
Daphnia pulex

Danio rerio

Folsomia candida
Nematostella vectensis
Oncopeltus fasciatus
Parhyale hawaiensis
Tribolium castaneum
Trichoplax adhaerens

Thermobia domestica

double stranded RNA
Figure

RNA interference
Table

wild type
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6.2 Sequences

All sequences are shown in EMBL format.

1D FN562984; SV 1; linear; mRNA; STD; INV; 1800 BP.

XX

ST * private 31-DEC-2011
XX

AC  FN562984;

XX

DT 02-NOV-2009 (Rel. 102, Created)
DT  02-NOV-2009 (Rel. 102, Last updated, Version 0)

DE Oncopeltus fasciatus partial mRNA for Spl-4 protein

0S Oncopeltus fasciatus (milkweed bug)

ocC Eukaryota; Metazoa; Arthropoda; Hexapoda; Insecta; Pterygota; Neoptera;

0oC Paraneoptera; Hemiptera; Euhemiptera; Heteroptera; Panheteroptera;
ocC Pentatomomorpha; Lygaeoidea; Lygaeidae; Lygaeinae; Oncopeltus.

RN [1]

RP  1-1800

RA  Schaeper N.D.;
RT ;

RL éubmitted (02-NOV-2009) to the EMBL/GenBank/DDBJ databases.

RL  Schaeper N.D., Department of Developmental Biology, GZMB Ernst Caspari

RL Haus, University of Goettingen, Blumenbach Institute, Justus-von-Liebig Weg

RL 11, Goettingen, 37077, GERMANY.

RN [2]
RA Schaeper N.D., Prpic N.M., Wimmer E.A.;

RT "A clustered set of three Sp-family genes is ancestral in the Metazoa:
RT evidence from sequence analysis, protein domain structure, chromosomal

RT location and developmental mRNA expression';
RL  Unpublished.

XX

FH Key Location/Qualifiers

FH

FT source 1..1800

FT /organism=""Oncopeltus fasciatus"

FT /mol_type="mRNA"

FT /dev_stage="'0-4 days"

FT /tissue_type="embryo"

FT /db_xref="taxon:7536"

FT  CDS <1..1701

FT /codon_start=1

FT /gene=""spl-4""

FT /product="Spl-4 protein"

FT /protein_id="CBH30973.1"

FT /translation=""VRLFFQERKGLPSPLAILAATCIKIEEQRISEESDSSEGLVANAE
FT THDPLSLSPPPQQPQVITLQQFQNLLTLQQVNGNEKYVPQATATTPTVSVQGLPGQFIQ
FT QSGGGGGGVTYSVLGGSQGGGMQAVT IDGQEAVF IPSNAGLMSPLRVLPTGVLPSSPLT
FT TAPTTAIFPGQNVSVRPDTQVLQVQQSIPVQVPISTSNGQTVYQTVHFPIQSFTSLPNI
FT LQTTVIPQISQVGTTQMAQMVTPSGQVQQVQVVTPASQQQTLVVQQQPTSSSASSTSTT
FT TTDSILVPHQQFLLGGVGGNQQQVTVIPVSSLANLTNGLTLPASSSVPQSVQQPIIQTI
FT PQGTIQI 1SSGSPGGGQDSSSGERWQVVGVQPAGSPPLEEEDQLDSKPRMRRVACSCPN
FT CIEGHAGCSRLRAEEATTSLEHVRT INKATWGG I RKKQHVCHVAGCNKVYGKTSHLRAH
FT LRWHTGERPF I CSWEFCGKCFTRSDELQRHRRTHTGEKRFMCTQCHKKFMRSDHLSKHI1
FT KTHQKARNDVTTSTQGDEETSGDEDKML ITLQAENEPSELSIVDTIDSM™
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FT
FT
XX

SQ

//

3"UTR

1702..

1800

/gene=""sp1-4"

Sequence 1800 BP; 515

gtccgecetct
acctgcatca
gtggctaatg
gtaatcactc
aagtatgtgc
cagtttatcc
tcccaaggag
tctaatgccg
ccactcacta
gacacccagg
aatgggcaga
aatattttac
caaatggtca
cagcaaactc
acaacgactg
aaccaacaac
acgttaccag
cctcaaggaa
agtggagaga
gaggatcagc
attgaaggcc
catgtgcgaa
catgtagcgg
tggcacactg
cgctctgatg
actcagtgcc
cagaaagcta
gaagataaaa
gatacaattg
ttcttgtaaa

ttttccagga
agatagagga
ctgagacaca
tccaacagtt
ctcaagcaac
agcagtctgg
gagggatgca
ggttaatgtc
cagcacctac
tgctacaggt
ctgtctatca
aaacaactgt
cgccatcagg
ttgtcgtgca
atagtatatt
aagtaactgt
cgtcaagctc
ctatccagat
gatggcaggt
tggattccaa
atgctggttg
ccatcaataa
gttgcaacaa
gtgagaggcc
aactacagag
ataaaaaatt
gaaatgatgt
tgctcataac
actctatgta
tattactggt

A; 435 C; 394 G; 456 T; 0O other;

gcggaaaggc
gcagaggata
tgaccccctg
tcaaaatctt
tgccactacc
tgggggtgge
ggcagtcacc
gccacttagg
aactgctatc
gcaacaaagc
gacggtccat
gataccccaa
acaggttcag
acaacagcct
agtgcctcat
gatacctgtt
agtacctcaa
aatttcaagt
tgttggagtt
acctcgcatg
ttctcgtett
agcaacttgg
agtctatgga
atttatttgc
gcatcgtaga
catgaggagt
aacaacttca
cctccaagca
gatttgtaat
aatctttgta

ttgccctecce
tcagaggaga
tctctgagcce
ctaacccttc
ccaactgttt
ggcggagtca
attgatggac
gtcctcccta
ttccectggece
attccagttc
tttcccattc
atctcccagg
caagtccaag
actagcagca
cagcaatttc
tcaagcttag
tctgttcagce
ggaagccctg
cagcctgcag
aggagagtag
cgggctgaag
ggtggtataa
aaaacatctc
tcctgggaat
acacatacag
gatcaccttt
acgcaagggg
gaaaatgaac
ttgttctatt
ttaaaaaaaa

ctttggctat
gtgattcaag
caccgccaca
agcaagtgaa
ctgtccaggg
cttactcagt
aggaagctgt
ctggtgtcct
aaaatgtttc
aagtgcccat
agtctttcac
ttggaacaac
tagtaacacc
gtgcctcctc
tcctaggtgg
ctaacttgac
agcccatcat
gtggtggtca
ggtccccacc
cctgttcctg
aagctacaac
gaaagaaaca
atctacgagc
tttgtgggaa
gagagaaacg
ccaagcatat
acgaggaaac
cttcagagct
Tttt
aaaaaaaaaa

tctagcggceg
tgagggactt
acaacctcag
tggaaatgag
tctgcctgga
tttgggtggc
tttcattccc
cccttcttcg
tgttcggcca
ctccacttca
aagtctcccc
acagatggcc
agccagccag
cacttctacc
tgttggtggc
caatggatta
tcagactatt
agacagtagt
attagaagag
tcctaactgce
tagtcttgag
gcatgtctgt
ccatcttaga
gtgtttcacc
ttttatgtgt
taaaactcat
ttcaggggat
ctccattgta
ttagaaacta
aaaaaaaaaa

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960

1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
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Appendix

FN396612; SV 1; linear; mRNA; STD; INV; 1213 BP.
FN396612;

06-NOV-2009 (Rel. 102, Created)
06-NOV-2009 (Rel. 102, Last updated, Version 1)

Oncopeltus fasciatus partial mRNA for Sp8/9 protein

Oncopeltus fasciatus (milkweed bug)

Eukaryota; Metazoa; Arthropoda; Hexapoda; Insecta; Pterygota; Neoptera;
Paraneoptera; Hemiptera; Euhemiptera; Heteroptera; Panheteroptera;
Pentatomomorpha; Lygaeoidea; Lygaeidae; Lygaeinae; Oncopeltus.

[11
1-1213
Schaeper N.D.;

Submitted (29-MAY-2009) to the EMBL/GenBank/DDBJ databases.
Schaeper N.D., Department of Developmental Biology, GZMB Ernst Caspari

Haus, University of Goettingen, Blumenbach Institute, Justus-von-Liebig Weg

11, Goettingen, 37077, GERMANY.

[2]

Schaeper N.D., Prpic N.M., Wimmer E.A.;

"A conserved function of the zinc finger transcription factor Sp8/9 in
allometric appendage growth in the milkweed bug Oncopeltus fasciatus';
Dev. Genes Evol. 219:427-435(2009).

Key Location/Qualifiers

source 1..1213
/organism=""0Oncopeltus fasciatus"
/mol_type="mRNA"
/tissue_type="embryos"
/db_xref=""taxon:7536"

CDS 182..>1213
/gene=""sp8/9""
/product=""Sp8/9 protein”
/protein_id="CAZ39568.1"

/translation="MLTDVTSRVPAGPLSQVTKPMVGAEKYHLDDHLRKEHFLCFKVAE
LNSPSSRKTCASDTWPSEQE IMEHPGLRDTPLAMLAAQCNKLSSKSPPPLADAAVGKGF
HPWKKSPQSRDPPTSSYSRPPVSSCSYTSSGELWTGTAD IAKVETVYSRHPYDGWGLPT
HHVKPENAGWWEVPGPGGWLDMAGHGQVQYGPEYGLGLASNSLLQGQHLLQDYKMLPGQ
TGAFLHAPPAPAPAPQAPSPRSQRRYTGRATCDCPNCQEAERLGPAGVHLRKKNIHSCH
IPGCGKVYGKTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFAC

PVCN™
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XX
SQ

//

Sequence 1213 BP; 278

acgcggggag
tctgtctect
ttttccccect
aatgttgacg
gatggttggt
cttcaaggtg
gccctcagaa
agccgcegceag
gggcaaagga
ttacagcagg
gaccgccgac
gttgccgaca
cggctggetg
cctcgcetteg
cggacagacg
gtctccecge
ggaggccgag
ccacatacct
gtggcacact
gaggtctgat
tccecgtatgce

agtgtgatct
actgccaaca
ttctgcgata
gacgtcacgt
gcagaaaaat
gcagaactga
caagaaatca
tgcaacaagt
tttcaccctt
cctccggtca
atagctaaag
catcacgtaa
gatatggcgg
aacagcctcc
ggggcecttec
tctcaacggc
cgactcggtc
ggctgeggta
ggagagcgge
gaactgcagc
aac

A; 382 C; 322 G; 231 T; O other;

tcccagtcecg
ttcgcccatg
tcttcacttc
cgagagtccc
atcatcttga
actcgccaag
tggagcaccc
tgtcttctaa
ggaagaaaag
gcagttgctc
tggagacggt
agccggaaaa
gccacgggca
tccaagggca
ttcacgctcc
gatacacggg
ccgcaggagt
aggtctacgg
cgttcgtctg
gccaccttcg

cgacagccgg
tagatcacta
gctcggecag
agccgggceca
tgatcattta
ttccagaaaa
aggtctacga
gtcaccacct
tccacagtcc
ttacacctca
ctacagcagg
cgccggetgg
ggtgcaatac
gcacctcctt
tccggeccecg
ccgcgcgaca
ccatctccgce
taagacctcg
caactggctg
tacccataca

ccttcctata
acaggctgtt
attcagtgac
ctatcacaag
cgtaaagaac
acatgtgcct
gacacaccat
cccctagcegg
cgcgatccgce
tcgggggage
cacccttacg
tgggaagtgc
gggcccgaat
caggactaca
gccccagegce
tgcgactgcc
aagaagaaca
cacctcaagg
ttctgcggga
ggagagaaaa

ctcaggatag
cgcacttttt
caactcaaga
tcaccaaacc
atttcctctg
ccgacacctg
tagcgatgct
atgctgcagt
cgacctcgag
tgtggacggg
atggctgggg
ccggaccggg

acggactggg
aaatgctgcc

cccaggcccc
ctaactgcca
tccatagctg
ctcacctgag
aacggttcac
ggttcgcectg

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960

1020
1080
1140
1200
1213
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Appendix

FN562985; SV 1; linear; mRNA; STD; INV; 1365 BP.
private 31-DEC-2011
FN562985;

02-NOV-2009 (Rel. 102, Created)
02-NOV-2009 (Rel. 102, Last updated, Version 0)

Folsomia candida partial mRNA for Spl-4 protein

Folsomia candida

Eukaryota; Metazoa; Arthropoda; Hexapoda; Collembola; Arthropleona;

Entomobryoidea; Isotomidae; Proisotominae; Folsomia.

[11
1-1365
Schaeper N.D.;

éubmitted (02-NOV-2009) to the EMBL/GenBank/DDBJ databases.
Schaeper N.D., Department of Developmental Biology, GZMB Ernst Caspari

Haus, University of Goettingen, Blumenbach Institute, Justus-von-Liebig Weg

11, Goettingen, 37077, GERMANY.

21
Schaeper N.D., Prpic N.M., Wimmer E._A_.;

"A clustered set of three Sp-family genes is ancestral
evidence from sequence analysis, protein domain structure, chromosomal

location and developmental mRNA expression™;
Unpublished.

Key Location/Qualifiers

source 1..1365
/organism=""Folsomia candida"
/mol_type=""mRNA"
/dev_stage="'0-5 days"
/tissue_type="embryo"
/db_xref=""taxon:158441"

CDS <1..1020
/codon_start=1
/gene=""spl-4""
/product=""Spl-4 protein”
/protein_id="CBH30974.1"

in the Metazoa:

/translation="WYQRRVRG INQAALGQSFGQFQNIQNIPGLGNVP ILPAGTITLGQ
GQQNVT 1QQQSSPNQQI 1QAVQAPQ I I TGLGNLGNLGQMGGAQLQQDPLDPTKWQV INQ
APLMVTTSLGNAGTVTAIKTELDKPKTRLRRVACTCPNCTD I DASSNNSRNNGEKKKQH
LCHIPGCGKVYGKTSHLRAHLRWHAGERPFVCQWLFCGKRFTRSDELQRHRKTHTGEKR
FQCPECLKKFMRSDHLSKH I KTHSKNRSVTGADGSL INSTKLELDDDDEKL IKTEVETS
DAMCSDDEDDTGEMGDDGEVDGDGDLDDQENAEDMMI T INTEGEQPEL I1SNDSIENQA™
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FT
FT
XX

SQ

//

3"UTR

1021..

1365

/gene=""sp1-4"

Sequence 1365 BP; 482

tggtatcaac
ttccaaaaca
atcacattag
caaattatcc
ctgggacaaa
gtaataaacc
gcaattaaaa
ccaaactgta
aagcagcatt
cgcgctcacc
gggaaacggt
aaacgattcc
catataaaaa
tcgacaaagt
tctgacgcga
gttgatgggg
aacacggaag
aatcatctgc
ccatcatcat
aaatttatgc
agtttcataa
gactagaaat
taaataatat

gcagagtacg
ttcaaaacat
gtcaaggaca
aagctgttca
tgggtggage
aagctcccct
cagaactcga
ccgatattga
tgtgtcatat
ttagatggca
ttacacgatc
agtgtcctga
ctcattcaaa
tggaactaga
tgtgtagtga
atggtgacct
gagaacagcc
gaaaaaggag
ccgaataaag
aaatgagttt
taggatataa
atagtagttt
taatacagtt

A; 254 C; 300 G; 329 T; O other;

cgggattaac
tcccggattg
acaaaatgtg
agcaccacag
tcaacttcaa
tatggttacc
taagccaaag
tgccagttcg
tcctggttgt
tgcaggagaa
cgatgaactc
atgtctcaaa
gaatagaagc
cgatgatgac
tgatgaggac
cgatgaccaa
ggaactaata
gaggggagga
caaaatatcc
ctttcaagag
atgatagaat
tattaagctg
aagagagtca

caagctgcac
ggaaacgttc
accattcagc
attatcactg
caggatccac
acgtcgttgg
acaagactaa
aataattcca
ggtaaagttt
aggccatttg
caaaggcata
aagtttatga
gtgacaggag
gaaaaactta
gatactggtg
gaaaatgctg
agtaatgact
gcttcattga
acaaacaaag
tacaagctgg
atagttttga
taaatttacg
gtctgtatta

ttggccagtc
cgattttacc
aacaaagttc
gcctaggaaa
ttgatcccac
gaaatgcagg
ggagagttgc
gaaataatgg
atggtaaaac
tctgtcaatg
gaaagacgca
ggagcgatca
cggacggatc
ttaaaacgga
aaatgggaga
aggacatgat
cgattgaaaa
attattgaat
cgtcgccgga
acagacgcag
ttttttccta
tatcaacttt
gatct

gttcggacaa
agccggaaca
tccaaatcag
tctagggaac
gaaatggcaa
gactgttact
atgcacctgt
agaaaagaaa
atcacatcta
gttgttttgt
cacgggagag
cctttctaaa
tcttattaat
agttgaaact
cgatggggaa
gatcacaatt
tcaagcatga
tcaagaccac
cctcactgac
agaaaggtct
atttcgtgtc
aatacaacaa

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960

1020
1080
1140
1200
1260
1320
1365
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FN562986; SV 1; linear; mRNA; STD; INV; 2339 BP.
private 31-DEC-2011
FN562986;

02-NOV-2009 (Rel. 102, Created)
02-NOV-2009 (Rel. 102, Last updated, Version 0)

Folsomia candida mRNA for Sp5/Btd protein

Folsomia candida

Eukaryota; Metazoa; Arthropoda; Hexapoda; Collembola; Arthropleona;

Entomobryoidea; Isotomidae; Proisotominae; Folsomia.

[11
1-2339
Schaeper N.D.;

éubmitted (02-NOV-2009) to the EMBL/GenBank/DDBJ databases.
Schaeper N.D., Department of Developmental Biology, GZMB Ernst Caspari

Haus, University of Goettingen, Blumenbach Institute, Justus-von-Liebig Weg

11, Goettingen, 37077, GERMANY.

21
Schaeper N.D., Prpic N.M., Wimmer E._A_.;

"A clustered set of three Sp-family genes is ancestral
evidence from sequence analysis, protein domain structure, chromosomal

location and developmental mRNA expression™;
Unpublished.

Key Location/Qualifiers

source 1..2339
/organism=""Folsomia candida"
/mol_type=""mRNA"
/dev_stage="'0-5 days"
/tissue_type="embryo"
/db_xref=""taxon:158441"

5°UTR 1..243
/gene="sp5/btd"
CDS 244..1935

/gene=""sp5/btd"
/product=""Sp5/Btd protein”
/protein_id="CBH30975.1"

in the Metazoa:

/translation="MMEG I FVNGFHHHQYGSLQSHQFNHLPSYPGSAYHPQHHSHHPSF
CNMN IPMSMSTLQQHQGG I GGRSLESNFHSTNVGG I GGNGGVTPKDHYPWWSTTASPSQ
SSQSQLQQSPPMSTSGNHSSFTPSMFFSPSPSSVAAAVASMLPTSSQRKSRRCRCPNCL
AGIQPTQVPGEKKKKRQHICHMIGCGK I YGKTSHLKAHLRGHTGERPFVCNWLFCGKRF
TRSDELQRHLRTHTGEKRF I CNVCQKRFMRSDHLAKHVKTHNNPSSSRNKGQQSSKMSD
SQKSKSVNNTTTATFDSILPEVTSTTRTPPLLSSSSSSSPLSTASSAGEHKDLSGLLYY
DRQPGKGTFAGRFAMGNS 1QSD IKNSMG I LAENNNGNSGSRSRVVDTGENIHYSLLSPS
SSTLSPASSSSSTCSSTRSSSSPSSKRT IVTPSSSPSSLELTPVKSPSSPQAQAQQTSS
FHSNQFPLHPFQPHFPASYYDNNGVVNQSVCNPGNNMSNGSNNAHFTSYPPLHHGSYSS

SVAVKACSPVNSGFQGTNVNFQNNFSSHYQLHQQHLHPGMNSLFGM™
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FT
FT
XX

SQ

//

3"UTR

1936..

2339

/gene=""sp5/btd"

Sequence 2339 BP; 710

gaatcgtttt
aacttctcat
agtttcttgc
ctcaagccga
tccatgatgg
tctcatcagt
tcccaccatc
catcaaggcg
ggaattggtg
gccteccect
gggaaccatt
gctgeegtyg
ccaaattgcc
cagcacattt
gcccacttac
aaacgcttca
agattcatat
gtcaaaaccc
agtgacagcc
ttgcccgaag
tccccattat
tacgacagac
cagtcagata
agcagaagcc
tcttccacct
tcaagtcctt
ttgactcctg
cactcaaatc
aacaatggtg
aataatgcac
gcagtgaaag
aacaatttct
ttatttggga
atgcgcatgg
attcaaaaag
gtttttgaaa
tgtatattac
taaataacta
attaatgaca

tctcagctcg
taattacagc
caagtattta
agtaaagtgc
aagggatctt
ttaaccatct
catcattttg

gcattggtgg

gcaatggtgg
cacagtcgtc

cgtccttcac
cctccatgcet
tcgcaggaat
gtcacatgat
gcggacacac
cacgttccga
gcaatgtatg
acaacaaccc
agaaatcaaa
taacgtcaac
ctacagcctc
agcctggaaa
ttaaaaattc
gagtggttga
tgtcacctgc
catcaaagcg
tcaaatctcc
aatttcctct
tcgttaacca
actttacatc
cttgttcccc
cctcccatta
tgtagaatgc
tagcgaaaga
attgattttc
catgctcaat
attactagaa
tatactgcta
atccataaac

A; 575 C; 416 G; 638 T; 0 other;

ttagaccagc
aaaatctcac
atacttacgt
gtgtacgttg
cgtgaatggg
gcectegtac
caatatgaat
cagaagcctg
cgtcacaccc
acaatcccaa
ccectecatg
ccccacctcc
tcaacctact
tggatgtgga
gggagagcgt
tgaactgcag
ccaaaaacgg
ctcctcatct
gtcagtcaat
aacaagaaca
atctgcaggt
gggaactttt
aatgggcatc
cactggtgaa
atcgtcttcc
gactattgtt
gtcttctcct
tcatcccttt
aagcgtttgt
ctacccacca
agttaatagt
tcaacttcat
ataaaagatg
tcagattgaa
agctatgcat
catagtggct
ttatacatat
gcagttttat
acaagtaatc

ttctagtact
ctctaaagag
tgagcacatg
attgattgga
tttcatcatc
cctgggagtg
attccaatgt
gagtccaact
aaggaccatt
ttgcagcagt
ttcttctccc
agtcagagaa
caagttccgg
aagatctatg
ccgttcgttt
cggcacttga
ttcatgcgca
cggaacaaag
aataccacaa
ccaccattat
gagcacaaag
gctggaagat
ttagcagaga
aatattcact
tcatcaacct
accccgtcat
caggcacaag
caacctcatt
aatcccggta
cttcatcacg
ggcttccaag
cagcaacatt
agaattgaga
tcacacactt
atattgaaat
gcaagtaaaa
tttgagcatt
caatatattt
aaaaaaaaaa

tactacttgg
cagttttaca
aaccagttat
ataattgtcg
accagtacgg
cataccaccc
ccatgagcac
ttcactccac
acccttggtg
caccaccaat
cgtctccctc
agtcaaggag
gtgaaaagaa
ggaaaacatc
gcaattggct
ggacgcacac
gtgatcatct
ggcagcaaag
ccgcaacatt
tgtcatcctc
acctgtccgg
ttgcgatggg
ataataatgg
attcactcct
gttcttccac
cttctccgtc
cacagcagac
tccctgecte
ataatatgag
ggtcctattc
gaacaaatgt
tgcatccggg
cagatacata
gccatatttt
taatgttaat
acaaattatt
attttcagta
ttagtgagta
aaaaaaaaaa

cttggttgac
aaataataaa
aaagttcatt
atacattccg
atcattgcaa
acaacatcat
ccttcagcaa
caacgttggg
gtcgacgact
gtcaacttcc
gtccgtggeg
atgtcgatgt
aaagaagcga
tcatcttaaa
gttttgtgga
gggcgaaaag
cgcaaaacat
tagcaagatg
tgactcaatt
ttcgtcatca
actgctctac
caacagcatt
caacagtggc
gtcaccgtct
acggtcgtcc
atcattggag
gtcgtccttc
gtattacgat
taatggaagc
ctcatccgtc
caactttcag
aatgaatagc
cattcttttg
tattattatt
aatatttgtg
taagatttta
atagccttcg
taaaaaaata
aaaaaaaaa

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960

1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1980
2040
2100
2160
2220
2280
2339
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Appendix

FN562987; SV 1; linear; mRNA; STD; INV; 1342 BP.
private 31-DEC-2011
FN562987;

02-NOV-2009 (Rel. 102, Created)
02-NOV-2009 (Rel. 102, Last updated, Version 0)

Folsomia candida partial mRNA for Sp6-9 protein

Folsomia candida

Eukaryota; Metazoa; Arthropoda; Hexapoda; Collembola; Arthropleona;

Entomobryoidea; Isotomidae; Proisotominae; Folsomia.

[11
1-1342
Schaeper N.D.;

éubmitted (02-NOV-2009) to the EMBL/GenBank/DDBJ databases.
Schaeper N.D., Department of Developmental Biology, GZMB Ernst Caspari

Haus, University of Goettingen, Blumenbach Institute, Justus-von-Liebig Weg

11, Goettingen, 37077, GERMANY.

21
Schaeper N.D., Prpic N.M., Wimmer E._A_.;

"A clustered set of three Sp-family genes is ancestral
evidence from sequence analysis, protein domain structure, chromosomal

location and developmental mRNA expression™;
Unpublished.

Key Location/Qualifiers

source 1..1342
/organism=""Folsomia candida"
/mol_type=""mRNA"
/dev_stage="'0-5 days"
/tissue_type="embryo"
/db_xref=""taxon:158441"

CDS <1..1086
/codon_start=1
/gene=""sp6-9""
/product=""Sp6-9 protein”
/protein_id="CBH30976.1"

in the Metazoa:

/translation="GGNGVMTNPMTHSSLLSAAQKSLSSSVCVTSSNHNAYSRTPVSSS
CGATPTYGADLYFHGSSGGNPCGDQSPVGSVGVYSRVPHDSWPFNAMSGAHAG IKPDVS
GMNGSSWWDAVHGATGGSWLDVGPGSAISQTAGMHHPHHPHHOMSQYNDYSSLTHTLSN
PHILTSGQHLLRVPSPRSQRRYTGRATCDCPNCQEAERLGPAGAHLRKKNIHSCHIPGC
GKVYGKTSHLKAHLRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPICN
KRFMRSDHLSKHVKTHNNSSGSSTGNKRSGSEDDDEEDNSQSEANSNHSPGSSVTTPPL

PPHAMSPSVHGLTQQDIKPQI™
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FT
FT
XX

SQ

//

3"UTR

1087..

1342

/gene=""sp6-9"

Sequence 1342 BP; 341

gggggaaacg
aagtctctct

cctgtctect
tcaagtggtg
agagttcctc
cctgatgtgt
ggcagctggt
ccacatcatc
ctctccaacc
tcgcaaagga
cggctgggcec
ggctgtggaa
ggtgagagac
gaactgcaac
aataagcgct
tcggggagea
agtcaatccg
cctecctcacg
atatgaacct
tctccaccac
acacatttta
aacccaataa
ttctacttgt

gtgtgatgac
cgtcctcegt
cttcctgegg
gcaacccatg
atgattcctg
cagggatgaa
tggacgttgg
ctcaccacca
ctcacatctt
ggtacaccgg
cagcaggagc
aggtatacgg
cttttgtatg
gacacttgcg
ttatgaggtc
gtacgggcaa
aggcgaattc
ccatgtcacc
gtctcegtac
caccgcgaca
accacacttc
tagctcacta
gcgatctagg

A; 395 C; 298 G; 308 T; O other;

caaccccatg
ctgtgtcacg
ggccacaccc
cggggaccaa
gcccttcaat
tggttcatcg
accggggagt
aatgtcccaa
gacctctggt
tagagcaact
tcaccttagg
gaaaacatca
caattggctg
gacgcatact
ggatcaccta
caagcggagt
gaaccacagt
ctcagtgcat
ttaccacccc
catgctgaag
tattttaata
acaattaaat
ta

acccacagct
tcctccaatc
acgtacgggg
agtccggtyg
gcaatgtctg
tggtgggatg
gcaatctcac
tacaatgact
cagcaccttc
tgtgattgtc
aaaaagaata
catcttaagg
ttttgtggaa
ggagagaaga
tcaaaacatg
gggagtgaag
cctggectect
gggttgacac
gagtgaaagt
tagacgttgt
cactatcaaa
gggatccttc

cccttctcag
acaacgccta
ctgatctcta
gctecegtyggg
gggcacatgc
ccgttcacgg
aaacggcagg
actcctccct
tgcgggtgec
caaattgtca
ttcactcctg
cccacctcag
aacgcttcac
gattcgcgtg
tcaaaactca
atgacgatga
ctgtgaccac
aacaagacat
cgtcctecctt
actctaatcg
catttcgcat
atcacgtttc

cgctgctcaa
cagcagaaca
ctttcacggc
cgtctattca
aggaattaag
ggctacgggt
gatgcaccac
cactcacacc
ttcceccegt
agaggctgag
tcacatccct
atggcacacc
acgctccgat
cccaatctgt
caacaactcg
ggaggataat
tccacctctt
caaaccccaa
gcatctgatc
taattctcaa
ccaatcaacc
atggtcactt

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960

1020
1080
1140
1200
1260
1320
1342
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Appendix

//

FN562988; SV 1; linear; mRNA; STD; INV; 697 BP.

private 31-DEC-2011
FN562988;

02-NOV-2009 (Rel. 102, Created)
02-NOV-2009 (Rel. 102, Last updated, Version 0)

Thermobia domestica partial mRNA for Spl-4 protein

Thermobia domestica (Ffirebrat)
Eukaryota; Metazoa; Arthropoda; Hexapoda;
Thermobia.

[11
1-697
Schaeper N.D.;

éubmitted (02-NOV-2009) to the EMBL/GenBank/DDBJ databases.
Schaeper N.D., Department of Developmental Biology, GZMB Ernst Caspari

Insecta; Thysanura; Lepismatidae;

Haus, University of Goettingen, Blumenbach Institute, Justus-von-Liebig Weg

11, Goettingen, 37077, GERMANY.

[21

Schaeper N.D., Prpic N.M., Wimmer E._A_.;

"A clustered set of three Sp-family genes is ancestral in the Metazoa:
evidence from sequence analysis, protein domain structure, chromosomal
location and developmental mRNA expression™;

Unpublished.

Key Location/Qualifiers
source 1..697

/organism="Thermobia domestica"

/mol_type=""mRNA"

/dev_stage="'0-4 days"

/tissue_type="embryo"

/db_xref=""taxon:89055"
CDS <1..384

/codon_start=1

/gene=""spl-4""

/product=""Spl-4 protein”

/protein_id="CBH30977.1"

/translation="NKVYGKTSHLRAHLRWHTGERPFVCTWMFCGKRFTRSDELQRHRR

THTGEKRFQCPECSKKFMRSDHLSKH IKTHQKQRIMETATSTHSGSSDASNSTDDKMMI

TIQTEADQSDLAINETLESSLSN™
3"UTR 385..697

/gene=""spl-4""
Sequence 697 BP; 249 A; 116 C; 135 G; 197 T; O other;
aataaggtat atggaaagac atcacatttg agagctcact tacggtggca cacgggagaa 60
cgaccttttg tctgtacctg gatgttttgc gggaaacgat tcacacgatc agatgaattg 120
cagcggcaca gaagaacaca tactggcgag aaaaggttcc agtgtcctga atgtagcaag 180
aaatttatga gaagcgacca cttatctaaa catatcaaaa cgcatcagaa acagaggata 240
atggaaactg ctacttcgac gcattctgga tcgtctgatg ccagcaattc aacagacgat 300
aaaatgatga tcacaattca aaccgaagca gatcaatccg accttgctat caatgaaaca 360
ttggaatcat cactgtccaa ctgagtgaaa tagaatcaga acaaacagaa ggaggtttgt 420
aggcgggata aattattttt atatacttac tgagaaagct tgctccagcc agtgttcaaa 480
aatttaaata ctaatagtat ggtactagtt tttctgttgc catatgtact aaagtagtac 540
ggtgaacaca aacgtacatg catttactat ttggttttgt ttttatactt acgaccattt 600
agtttagtga tgtttggttt gcttttcatt ctacaaattt tataattatt gatttatgtt 660
gtcgtatgga aaaaaaaaaa aaaaaaaaaa aaaaaaa 697
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Appendix

FN562989; SV 1; linear; mRNA; STD; INV; 1453 BP.
private 31-DEC-2011
FN562989;

02-NOV-2009 (Rel. 102, Created)
02-NOV-2009 (Rel. 102, Last updated, Version 0)

Thermobia domestica mRNA for Sp5/Btd protein

Thermobia domestica (Ffirebrat)
Eukaryota; Metazoa; Arthropoda; Hexapoda; Insecta; Thysanura; Lepismatidae;
Thermobia.

[11
1-1453
Schaeper N.D.;

Submitted (02-NOV-2009) to the EMBL/GenBank/DDBJ databases.

Schaeper N.D., Department of Developmental Biology, GZMB Ernst Caspari
Haus, University of Goettingen, Blumenbach Institute, Justus-von-Liebig Weg
11, Goettingen, 37077, GERMANY.

[21

Schaeper N.D., Prpic N.M., Wimmer E._A_.;

"A clustered set of three Sp-family genes is ancestral in the Metazoa:
evidence from sequence analysis, protein domain structure, chromosomal
location and developmental mRNA expression™;

Unpublished.

Key Location/Qualifiers

source 1..1453
/organism="Thermobia domestica"
/mol_type=""mRNA"
/dev_stage="'0-4 days"
/tissue_type="embryo"
/db_xref=""taxon:89055"

5°UTR 1..82
/gene="sp5/btd"
CDS 83..1285

/gene=""sp5/btd"

/product=""Sp5/Btd protein”

/protein_id="CBH30978.1"
/translation="MASLLPNPGIAYHQNQSNPLTMLAATCSRLGSQVPTSTDFPRTST
SHFQTRNYHNQQTYPEVTLQSIGFQQNSSGFHHDTALSASPQVPTGNTTNSAPYNLSIH
QYHSTSAVAPTSAQSTAGILPSSPVIAQSPPPLEASDQQQQ I QDRNSRMAWWFHQASTA
KQPVATSSPPAFTNSYFFAHHQAAQTDQTLYHQQRFAAAAAMLKSSAAVASRRCSRCRC
PNCQNGGNTAGQQPQRKRQHVCHVPGCSKTYGKTSHLKAHLRWHTGERPFVCNWLFCGK
SFTRSDELQRHLRTHTGEKRFACPVCNKRFMRSDHLAKHVKTHDANRKLSGGRGFKSPS
NKGNKESGEGKNK IDDFVTSTDSFSEDAFVTTEDSVTSSTKENYYHQLHFHQLCSMYGH
v
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Appendix

FT
FT
XX

SQ

//

3"UTR

1286..

1453

/gene=""sp5/btd"

Sequence 1453 BP; 443

gcttccgttg
caacgcagag
tcaaaaccag
ggtgccaacc
ccataatcaa
atcaggtttc
cacaaactct
cccaactagt
acctccacca
ggcttggtyg
agctttcacc
gtatcaccaa
atcaaggcgc
acaacaacct
cggaaaaaca
ttgcaattgg
gcggactcac
atcggatcat
tcggggtttt
gattgacgat
agacagcgta
gtgttctatg
tttttaaata
tgctatgatg
aaaaaaaaaa

aggttgttgt
tacgcgggcc
agtaatcctt
tcaacagatt
cagacatatc
caccatgata
gcaccgtata
gctcaatcca
ctggaggctt
tttcatcagg
aactcgtatt
cagcggtttg
tgcagtcgtt
caacggaagc
tcacatctga
cttttttgtg
actggtgaga
ctcgcgaaac
aagtccccca
tttgtgacct
acatcctcaa
tacggtcatg
cagaaagacc
tacaagatat
aaa

A; 358 C; 280 G; 372 T; 0O other;

cctgctgtat
gtatggcatc
tgacaatgtt
ttcccagaac
ctgaagtcac
cggctctttc
atttatcaat
ctgctggaat
ctgatcagca
catcaactgc
tctttgctca
ctgctgcagc
gtcgatgtcc
gtcaacatgt
aagctcattt
gtaaaagttt
agcgatttgc
atgtcaaaac
gcaataaggg
caacagactc
ccaaagaaaa
tgtagaaatt
atggaattat
aacacccgaa

taaccctcac
gctactcccg
ggcagcaaca
gtccacatct
gttacaaagc
agctagtcca
acatcaatat
tcttccgtca
acagcaaatt
aaaacaaccg
tcatcaggca
cgcaatgctc
aaactgtcaa
ctgccacgtc
gcgctggceac
cacaagatca
ttgtcccgtt
tcacgacgca
taacaaagaa
cttttcagaa
ctattaccat
ttaaaactca
ttcatcaatt
attcatttaa

taaagggaaa
aatccaggga
tgcagtcgtc
catttccaga
attggtttcc
caagtcccta
cattccacat
tctccggtga
caggaccgta
gttgccactt
gctcaaacag
aagtcttctg
aatggaggca
cctgggtgcet
acgggagaac
gacgaattac
tgcaacaaaa
aatagaaaat
agtggtgaag
gatgcttttg
cagctgcatt
tatcaatttc
tctaatcttg
gtgtatgaaa

gcagtggtat
ttgcttatca
taggatctca
cacggaacta
agcagaactc
ctggtaatac
ctgctgttgce
tagcacaatc
attccaggat
cttcgccgece
accaaacctt
cagcagttgc
atacagcagg
caaagacgta
gtccatttgt
aacgccattt
ggttcatgcg
tgtccggegg
gtaaaaataa
tgaccacaga
ttcatcaatt
caaagattag
tgccccggtt
aaaaaaaaaa

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960

1020
1080
1140
1200
1260
1320
1380
1440
1453
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Appendix

FN562990; SV 1; linear; mRNA; STD; INV; 1210 BP.
private 31-DEC-2011
FN562990;

02-NOV-2009 (Rel. 102, Created)
02-NOV-2009 (Rel. 102, Last updated, Version 0)

Thermobia domestica partial mRNA for Sp6-9 protein

Thermobia domestica (Ffirebrat)
Eukaryota; Metazoa; Arthropoda; Hexapoda; Insecta; Thysanura; Lepismatidae;
Thermobia.

[11
1-1210
Schaeper N.D.;

Submitted (02-NOV-2009) to the EMBL/GenBank/DDBJ databases.

Schaeper N.D., Department of Developmental Biology, GZMB Ernst Caspari
Haus, University of Goettingen, Blumenbach Institute, Justus-von-Liebig Weg
11, Goettingen, 37077, GERMANY.

[21

Schaeper N.D., Prpic N.M., Wimmer E._A_.;

"A clustered set of three Sp-family genes is ancestral in the Metazoa:
evidence from sequence analysis, protein domain structure, chromosomal
location and developmental mRNA expression™;

Unpublished.

Key Location/Qualifiers

source 1..1210
/organism="Thermobia domestica"
/mol_type=""mRNA"
/dev_stage="'0-4 days"
/tissue_type="embryo"
/db_xref=""taxon:89055"

CDS <1..853
/codon_start=2
/gene=""sp6-9""
/product=""Sp6-9 protein”
/protein_id="CBH30979.1"
/translation=""VNSLNTTSWWDMHSAGAGSWLDMSGATASGLSGMTGMHATQMANY
VGSDYSTLSHSLAASNTAHLLSSGQHLLQDTYKSMLPSQGVGASVASFGLSQPSLPQVP
SPRSQRRYTGRATCDCPNCQEAERLGPAGVHLRKKNIHSCH IPGCGKVYGKTSHLKAHL
RWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRSDHLAKHVK
THNGNGSKKGSSESCSDSENSQSEPPSVSSPASVNTPPLAQGTPLSDASVASSPVDVKP
A%AN
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FT
FT
XX

SQ

/7/

3"UTR

854..1210
/gene=""sp6-9"

Sequence 1210 BP; 320

agttaatagt
gctcgatatg
tcaaatggct
taatacagcc
gttaccatcg
ccctcaggta
tcccaattgt
tatccatagt
agctcatctt
taagcgtttc
gaggttcgct
cgtcaagaca
tgaaaacagc
cctcgctcaa
gcccgtegtce
tttctttcat
atggttctct
aaccgcgatc
tattgagtta
atttggttaa
atatattttt

ctaaatacaa
agtggagcca
aactacgttg
cacttactgt
cagggagtcg
ccgtctccga
caggaagcag
tgtcacatac
cgttggcaca
acacgatccg
tgtcccgttt
cataatggga
caatcagagc
gggactccat
tgaggaaggt
ccgtcacttg
ttcacgggaa
ctcgagtcac
ttaacaaaat
tagtttatgg

A; 282 C; 297 G; 311 T; O other;

cgtcgtggtg
cggcgtcggg
gttcggatta
cttcaggtca
gtgcgtcagt
ggtcccagag
aacgcttagg
caggttgtgg
caggagaacg
acgaattaca
gtaacaaacg
acggcagcaa
ctcccagtgt
tgtccgacge
ggaccccggce
gtcaagtaag
cagaagaaaa
ggtgctctcg
atgtgaatgt
taaaatttat

ggacatgcac
tctttccgga
ttcgacgctc
gcatctgttg
ggcgtctttt
gaggtataca
gcetgetggt
taaggtatac
tccattcgtt
acgtcacttg
gttcatgcegt
aaaagggagc
gagctcccca
ctccgttgeg
gcttgcggea
atccgaccag
ggaagggtca
tcaagtaaag
agcaggtata
tcagaatata

tcagccggeg
atgacaggaa
agccattctt
caagatactt
ggtctcagcc
ggaagagcta
gtccatctta
gggaagacat
tgtaattggc
cgaacacaca
tccgatcatt
tctgagagct
gcgtccgtta
agctctccag
ggggtaccga
caagcgacag
tattcgctcg
tgtttaactt
aagtttctac
aagtatcatg

ctggttcatg
tgcacgctac
tagcagcatc
acaagtcaat
agccttctct
cttgtgattg
gaaagaagaa
cacatttaaa
tattctgtgg
ccggggagaa
tggcaaaaca
gcagcgactc
atacgccgec
tcgacgtgaa
gtttgaacct
atggacattg
tcggggatcg
tcatagataa
gtcaatcaaa
atctgcaaaa

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960

1020
1080
1140
1200
1210
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Appendix

FN562991; SV 1;

linear; mRNA; STD; INV; 3018 BP.

private 31-DEC-2011

FN562991;

02-NOV-2009 (Rel. 102, Created)
02-NOV-2009 (Rel. 102, Last updated, Version 0)

Parhyale hawaiensis mRNA for Spl-4 protein

Parhyale hawaiensis
Eukaryota; Metazoa; Arthropoda; Crustacea; Malacostraca; Eumalacostraca;
Peracarida; Amphipoda; Gammaridea; Talitroidea; Hyalidae; Parhyale.

[11
1-3018
Schaeper N.D.;

éubmitted (02-NOV-2009) to the EMBL/GenBank/DDBJ databases.
Schaeper N.D., Department of Developmental Biology, GZMB Ernst Caspari
Haus, University of Goettingen, Blumenbach Institute, Justus-von-Liebig Weg

11, Goettingen,

[2]

37077, GERMANY.

Schaeper N.D., Prpic N.M., Wimmer E._A_.;

"A clustered set of three Sp-family genes is ancestral in the Metazoa:
evidence from sequence analysis, protein domain structure, chromosomal
location and developmental mRNA expression™;

Unpublished.
Key

source

5°UTR

CDS

Location/Qualifiers

1..3018

/organism=""Parhyale hawaiensis"

/mol_type=""mRNA"

/dev_stage="'0-12 days"

/tissue_type="embryo"

/db_xref=""taxon:317513"

1..127

/gene=""spl-4"

128..2527

/gene=""spl-4""

/product="Spl-4 protein"

/protein_id="CBH30980.1"
/translation="MKQENTVQQPQAVSQAAP I SVSAGDVTPGQI IAANGQTYSIMPQA
AVQMQT ITVDGQEILY IPSGVPAAQAQQQMAVQLGGATQAVLTPSGQLVRAASVPSLLQ
GTAATQQQQQRQQRAQQAQQQQAQAQAAQQAQAQLACQAQLAQLAQQALALALQQQQQQTTGAAGQLG
SQI 1QLGMGGMGQT IPVQVPVSGSNGSSVLQT I PLQLPFVQNMMQAAGTGAATAAQGIQ
VIPQIAQMPAQPQLAHIVLPNGQLQQVQIMAAAAPAGLAAAGGGGVVSLAQLAGGSGAV
ITAGSGVVSGTTGGVTWTTTATTPSLTVPGNPTASPPQEDKQHVEAAVAAANGYQQQQQ
1 ISAASVATHAQVNNSNGAAVSSQASQQQQQVAAAVARNTTNSNQQQQQQQQQQQQQQQ
QQQQQQAAALAAQQQVAAAAAAAAAGGS IQMPSLQVMQPGQLFHHIPGIGPVQVVNATN
LSSLAAASMP ISLAT 1QQTAAAAAAAAGAAPGT ILAAQPQTTATAGAAAAAAPLQGHLL
PGGAQI ISLPGDGVDAASKWG I FSPSAQ 1VSPMPAVASSPSTTANAQQAQQQQQQQQQQ
QQQQQQQQQSNQLMVTNVATALAGVPATADPLQLDDDLAEPRTRLKRVACTCPNCREGG
VNNERGEPSSSNG IGGSTKRRQH I CHIPGCNKTYGKTSHLRAHLRCDAGDRPFACNWMF
CTKRFTRSDELQRHKRTHTGEKRFHCPDCDKKFMRSDHLSKHVKTHIAKKTTVPSVVES
SDSSGHSSDNGGDSKMLITLPSEATSDSPTIVTSAVTPTEESTTTQ™"
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FT
FT
XX

SQ

//

3"UTR

2528..

3018

/gene=""sp1-4"

Sequence 3018 BP; 768

gaacgggcga
tgtggcaagt
tttcacaatg
catctctgtc
ctactccatc
aattctgtac
acttggagga
agtgccatcc
acaacagcag
acagttacag
tgctggacag
acccgtgcaa
gcagctacct
tcaaggcatt
tattgtgttg
tgggctcget
tggtgcagtg
gaccacaacc
tcaagaagac
acagcagatc
agcagcggtg
aaacaccacc
gcagcagcag
ggctgcggcea
tggtcaacta
tctatcgtcce
agcagctgca
gacaacggct
tggtggagcc
cattttctct
caccaccgcc
acagcaacag
cgcgggtgtg
caccagacta
cgagagaggc
catttgtcac
cttgagatgc
ctttacacga
ccactgtcct
gacgcatatc
ccactcttct
cagcgactcc
gcagtagaag
ttgtgatcgt
ctagtatatg
gtctgtatta
atctcgcttc
ctggcagctc
gtttggaaaa
ggttcttcat
cgtcttattt

cgggagcgca
gtttcgttca
aagcaagaga
tcagctggag
atgccacagg
ataccttcag
gcaacacagg
ctcttgcagg
cagcagcaac
cagcagttgc
ttgggatcgce
gttcctgtgt
tttgtgcaga
caggttatcc
cctaacggcc
gcagcaggag
atcacagcag
gccaccacac
aagcagcacg
atttctgcag
agcagtcagg
aacagcaatc
caacaacaac
gctgcagcag
ttccatcaca
cttgcggegy
gctgecgetg
actgcaggag
caaattatca
ccgtcagctc
aatgctcaac
cagcaacaac
cctgccactg
aagagagtcg
gagcctagca
attcctggtt
gatgctggtg
tctgacgagt
gactgcgaca
gccaagaaaa
gacaatggcg
cccaccatcg
atcctccctt
atgtccgtgg
tattatgtgt
catgtttcca
aaatcaaatt
agcggaaata
cgtgcctcac
cgatctttat
aaaaggat

A; 849 C; 752 G; 649 T; 0 other;

tgtatttaca
gctaaatgct
acacagttca
atgtcacacc
cagctgttca
gtgtgccagc
ctgttctgac
gtacagctgc
agcaacaaca
agttgcaact
agatcataca
cgggtagcaa
acatgatgca
cacagattgc
agctgcagca
gaggtggtgt
gcagcggtgt
cgtctctcac
tggaggcgge
catctgtagc
cgtctcaaca
agcagcaaca
aagcagcagc
gaggcagtat
tccccggeat
ccagcatgcc
cgggggctge
ctgctgccgce
gtttacccgg
agatcgtgtc
aagctcagca
aatctaacca
ccgatccctt
cgtgcacgtg
gcagtaatgg
gcaataagac
acagaccttt
tacagagaca
aaaaattcat
ctacggtgcc
gagatagcaa
tcaccagcgc
ctacttctat
gcctctaggt
aataatgtca
gtgttgcccc
gcatgaatta
tcccgatttt
tgcctagtac
ttttacaaaa

cacgagcagt
gtgaaataac
gcagcctcaa
aggccagatt
gatgcagacc
agctcaagcc
tcccagtggt
tattcagcag
gcagcaacag
ccagcaacaa
gctcggcatg
tggtagcagt
ggccgegggt
ccagatgcct
agtgcagatc
ggtgtcccta
agtgagtggc
tgtgccgggce
tgtggctgct
cactcatgct
gcagcagcag
acagcagcag
attagctgcg
acagatgccc
cggtcccgtg
catatcgctc
accgggcacc
tgcagcaccc
tgatggtgtc
acccatgcct
acagcagcaa
gttaatggta
acagctggac
tcccaactgt
cattggtggc
ctacggcaaa
tgcgtgcaat
caagagaact
gcggtcggat
gtcggtggta
gatgctcatt
cgtcactcct
ccaattctag
ttcagggaac
tgcctatcga
ccceggtctc
tgtttgtgtt
attttcggca
catttaattt
tgatgattcg

ttcgttttac
aacttgttgc
gcagttagtc
attgcggcca
attacagttg
cagcaacaga
cagttggtac
cagcaacaac
ttgcaacaac
cagcagcaaa
ggtggcatgg
gtgctgcaga
actggtgctg
gcacagcccc
atggctgctg
gcacagctcg
accactggag
aaccctactg
gccaatggtg
caggtgaaca
gtagctgccg
cagcaacaac
caacaacagg
tcgttacaag
caagtggtaa
gccaccatac
atactggccg
ctgcagggcc
gacgctgcca
gctgtcgeca
caacaacagc
actaatgttg
gacgaccttg
cgggagggtg
tctactaagc
acttctcatc
tggatgtttt
cacacgggcg
catctttcta
gagagctcag
accctgccca
acggaagagt
tgctacaccc
tgtcgggcag
ttacaagctt
agcactattt
tttcttgttg
ttcactgaac
tatatcaatg
ccagcgaact

gttattattg
aaggagcata
aggctgctcc
atggccagac
atggccagga
tggctgtgca
gggctgcatc
agcaacaaca
agcagcttca
caactggagc
ggcagacaat
ccatccccct
ctactgctgc
agctggccca
cagcgccagc
caggcggcag
gtgtcacgtg
cctcaccgcec
tgcagcagca
atagtaatgg
ctgtcgcgag
aacaacaaca
ttgcggcagce
ttatgcaacc
atgcaacgaa
aacagacggc
cccagccaca
accttctgcc
gcaagtggyg
gctctccctc
agcagcaaca
ctacggccct
cagagcctcg
gagtcaataa
ggcgtcagca
tgcgggcgea
gcacaaagcg
agaagcgttt
agcacgtcaa
acagcagcgg
gtgaagccac
ccaccaccac
tgcctcctgg
tatgtagtac
atcaagaagc
tattttcgeg
ttacacgcta
aatggacatc
ctaataattt
cttcgactgt

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960

1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1980
2040
2100
2160
2220
2280
2340
2400
2460
2520
2580
2640
2700
2760
2820
2880
2940
3000
3018

160



Appendix

FN562992; SV 1; linear; mRNA; STD; INV; 1502 BP.

private 31-DEC-2011
FN562992;

02-NOV-2009 (Rel. 102, Created)

02-NOV-2009 (Rel. 102, Last updated, Version 0)

Parhyale hawaiensis mRNA for Sp6-9 protein

Parhyale hawaiensis

Eukaryota; Metazoa; Arthropoda; Crustacea; Malacostraca; Eumalacostraca;
Peracarida; Amphipoda; Gammaridea; Talitroidea; Hyalidae; Parhyale.

[11
1-1502
Schaeper N.D.;

éubmitted (02-NOV-2009) to the EMBL/GenBank/DDBJ databases.
Schaeper N.D., Department of Developmental Biology, GZMB Ernst Caspari
Haus, University of Goettingen, Blumenbach Institute, Justus-von-Liebig Weg

11, Goettingen, 37077, GERMANY.

21
Schaeper N.D., Prpic N.M., Wimmer E._A_.;

"A clustered set of three Sp-family genes is ancestral
evidence from sequence analysis, protein domain structure, chromosomal
location and developmental mRNA expression™;

Unpublished.
Key Location/Qualifiers

source 1..1502

/organism=""Parhyale hawaiensis"

/mol_type=""mRNA"
/dev_stage="'0-12 days"
/tissue_type="embryo"
/db_xref=""taxon:317513"

5°UTR 1..48
/gene="sp6-9"

CDS 49..1431
/gene=""sp6-9""

/product="Sp6-9 protein"
/protein_id="CBH30981.1"

/translation="MMLTDLNLAGRTELYPTDKGNSL IHSAADPQHITEHPSLRGTPLA
MLAAQCNRITTKSPPPLADAAVGKGFHPWKKSPGSTTPVPASPTTAPQRPPSAASTNST
TANYQRTPTTTTAACSYPQPSDFYLTPATTSGGQDLLTKTELPAMSSMYSRVHPYDSWP
FNSVASAASGIKPEVSAVNTFNTASSLWDVHSAAGSWLDMSGAAASGWSGVAGMSQMNY
PAGDYSSLSHTLAASNTAHLLSSGQHLFQDTYKSMLPGQGMGGGMGAPFTLGQPSLPQV
PSPRSQRRYTGRATCDCPNCQEADRLGPAGAHLRKRNIHSCHIPGCGKVYGKTSHLKAH
LRWHTGERPFVCNWLFCGKRFTRSDELQRHLRTHTGEKRFACPVCNKRFMRSDHLSKHV
KTHNACGGGGGGQGKKSSDGSEDSDNSHSEAASASSPAS I SSPPAPPTPTSPSTPDLKP

LV

in the Metazoa:
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FT
FT
XX

SQ

//

3"UTR

1432..

1502

/gene=""sp6-9"

Sequence 1502 BP; 369

cgagaagaac
gatctgaacc
catagcgcag
gccatgetcg
gctgctgteg
ccagccagcc
acagcaaatt
tcagattttt
gaacttccag
aattcagtag
aacacggcga
ggggcggcgy
ggtgattatt
tcgggtcagce
ggaggaatgg
aggtcgcagc
gatcgattgg
ccgggetgceg
actggtgaga
gatgaactac
tgcaacaagc
tgtggcggcy
aacagccata
ccecctactc
gatcgatcga
tg

gaacggatcc
ttgctggcecg
cagaccctca
ccgcccagtg
gcaaaggctt
ccacgacggc
atcaacggac
atctaacacc
caatgtcttc
cgtccgctgce
gctcgttgtg
catcgggctg
catctctatc
acttatttca
gtgccccatt
gtcgatacac
gtccagccgg
gcaaagttta
gaccctttgt
aacgacacct
gattcatgcg
gcggtggtgg
gcgaagctgce
ccacctctcc
tccttcgatc

A; 439 C; 365 G; 329 T; 0O other;

agtcaaagaa
gacggagctc
acatataacg
taacagaata
ccatccatgg
gcctcaaagg
tccgactaca
ggcgacgact
tatgtattcc
ttctggaata
ggacgtacac
gtctggagta
acacacatta
agacacgtac
cacactgggt
gggccgggcy
tgcacatctg
cggcaagact
ttgcaactgg
tcgcacgcac
ttccgaccac
tcagggcaag
ttctgcttce
ttccacccct
attcatttct

gagagttgga
tacccgaccg
gaacacccat
accaccaaaa
aagaagagtc
ccgccttctg
accacagcgg
tctggtggac
cgagtgcatc
aagccagaag
agcgctgctg
gccggaatga
gctgcctcaa
aagtctatgc
cagccatcgt
acgtgtgact
cgcaagagga
tcacatctca
ctattttgtg
acaggtgaga
ctgagcaagc
aaaagcagtg
tccectgect
gatctcaaac
atattgatat

actgaccgat
ataaagggaa
ctcttcgcegg
gtccgectcec
caggttccac
cagcctcgac
cttgcagtta
aagacctgct
cctacgattc
tgtctgcggt
gatcttggtt
gtcaaatgaa
acacagccca
tgccggggea
tacctcaagt
gtcccaactg
atatccactc
aggctcatct
gcaaaaggtt
agcggtttgc
atgtgaagac
atggaagcga
ctatcagctc
ctctggtgtg
atagtcactg

gatgttgacg
ctcccttatc
cacccctcta
tttggcggac
tactcctgtt
aaattccaca
tccccagecg
caccaaaacc
ttggcctttc
aaatacattt
agatatgtct
ctatccggca
tcttttatca
agggatggga
accatcaccg
tcaggaagcg
gtgtcacatt
tcgctggceac
cacaaggtct
ctgcceggtg
gcataacgca
agacagcgac
tcctectgece
agcgatgatc
agcaccaaca

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960

1020
1080
1140
1200
1260
1320
1380
1440
1500
1502
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ID
XX
ST
XX
AC
XX
DT
DT
XX
DE
XX
Kw
XX
0S
oC
oC
ocC
XX
RN
RP
RA
RT
RL
RL
RL
Weg
RL
XX
RN
RA
RT
RT
RL
XX
FH
FH
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT

SQ

//

FN557065; SV 1; linear; mRNA; STD; INV; 516 BP.
private 31-DEC-2011
FN557065;

21-0CT-2009 (Rel. 102, Created)
21-0CT-2009 (Rel. 102, Last updated, Version 0)

Oncopeltus fasciatus partial mRNA for collier protein (col gene)

Oncopeltus fasciatus (milkweed bug)

Eukaryota; Metazoa; Arthropoda; Hexapoda; Insecta; Pterygota; Neoptera;
Paraneoptera; Hemiptera; Euhemiptera; Heteroptera; Panheteroptera;
Pentatomomorpha; Lygaeoidea; Lygaeidae; Lygaeinae; Oncopeltus.

[11
1-516
Schaeper N.D.;

Submitted (19-0CT-2009) to the EMBL/GenBank/DDBJ databases.
Schaeper N.D., Department of Developmental Biology, GZMB Ernst Caspari
Haus, University of Goettingen, Blumenbach Institute, Justus-von-Liebig

11, Goettingen, 37077, GERMANY.

[2]

Schaeper N.D., Pechmann M., Damen W.G.M., Prpic N.M., Wimmer E.A.;
"Evolution of collier function in head development in insects and other
arthropods™;

Unpublished.

Key Location/Qualifiers

source 1..516
/organism=""Oncopeltus fasciatus"
/mol_type=""mRNA"
/tissue_type="embryos aged 0-4 days"
/db_xref="taxon:7536"
CDS <1..>516
/codon_start=1
/gene=""col""
/product="collier protein”
/protein_id=""CBH20112.1"
/translation="PSNLRKSNFFHFVVALYDRAGQPIEIERTAFIGFIEKDQENETQK
TNNGIQYRLQLLYANGVRQEQD IFVRLIDSVTKQAI I CEGQDKNPEMCRVLLTHEVMCS
RCCDKKSCGNRNETPSDPV I I DRFFLKFFLKCNQNCLKNAGNPRDMRRFQVVISTMVSV

EGPLLAISD"

Sequence 516 BP; 144 A; 139 C; 123 G; 110 T; O other;

ccctcgaatc tgaggaagtc caacttcttc cacttcgttg tcgccctcta cgaccgagcg 60
ggacagccga tagagatcga gaggactgcg ttcatcggct tcatcgagaa ggaccaggaa 120
aacgaaaccc aaaaaaccaa taacggaatc cagtaccgtc tccaactcct ttacgccaat 180
ggtgttcgac aggagcaaga catttttgta cgtttgatag actcagtaac gaaacaggca 240
atcatctgcg agggtcaaga caaaaatccc gagatgtgca gagtacttct gacccacgag 300
gtgatgtgca gccgatgctg cgacaagaag agctgtggta accggaacga gactccctcc 360
gacccggtaa ttatcgacag gttcttccta aagttcttcc ttaaatgcaa ccaaaactgc 420
cttaagaacg ccggtaaccc cagagacatg aggaggtttc aggtggtgat ctcgaccatg 480
gtctctgttg aaggtcctct gctcgccatc tccgac 516
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FN557064; SV 1; linear; mRNA; STD; INV; 1883 BP.
private 31-DEC-2011
FN557064 ;

21-0CT-2009 (Rel. 102, Created)
21-0CT-2009 (Rel. 102, Last updated, Version 0)

Parhyale hawaiensis mRNA for collier protein (col gene)

Parhyale hawaiensis
Eukaryota; Metazoa; Arthropoda; Crustacea; Malacostraca; Eumalacostraca;
Peracarida; Amphipoda; Gammaridea; Talitroidea; Hyalidae; Parhyale.

[11
1-1883
Schaeper N.D.;

Submitted (19-0CT-2009) to the EMBL/GenBank/DDBJ databases.
Schaeper N.D., Department of Developmental Biology, GZMB Ernst Caspari
Haus, University of Goettingen, Blumenbach Institute, Justus-von-Liebig

11, Goettingen, 37077, GERMANY.

[2]

Schaeper N.D., Pechmann M., Damen W.G.M., Prpic N.M., Wimmer E.A.;
"Evolution of collier function in head development in insects and other
arthropods™;

Unpublished.

Key Location/Qualifiers

source 1..1883
/organism=""Parhyale hawaiensis
/mol_type="mRNA"
/tissue_type="embryonic tissue of all stages"
/db_xref=""taxon:317513""

5°UTR 1..166
/gene=""col"’
CDS 167..1672

/codon_start=1

/gene=""col”"

/product="collier protein”

/protein_id=""CBH20111.1"

/translation="MFNLGVDATGLHPTHGSHIPHHPHHASS IGHPHITSSLTSLKEEP
I 1SSAASVVTSSTTTSPSVATSTPTSISSATSRVWMQPNMLDTSAHHAHQQSPGLGRAH
YEKQPPSNLRKSNFFHFVLAFYDRTGQP IEIERTAFVGFIEKESEQDGQKTNNG IHYRL
QLLYSNGVREERDFYVRLVDASTKQAIAYEGQDKNPEMCRVLLTHEVMCSRCCDKKSCG
NRNETPSDPV I IDRFFLKFFLKCNQNCLKNAGNPRDMRRFQVV ISTQVDVSGPLLAVSD
NMFVHNNSKHGRRAKR IDTADAMFGLYPPLPTPCVKAICPSEGWTSGGATVV IVGDNFF
DGLQVVFGTTLVWSEL ITPHAIRMQTPPRPVPGVVEITLSYKSKQFCKGSPGRFVYVSL
TDPTIEYGFHRLHKL I PRHPGDPEKLPKE I I LKRAADLAEALYTMPRTNQLSLPAPRSP
ATMNQSAAAAAMTGFNSYTGQLVSVQDTAANAAAAQWGEGFFF'"

3"UTR 1673..1883

/gene="col""
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XX
SQ

//

Sequence 1883 BP; 517

ggattttacc
aagtgctttc
cttttagata
agtagacgcc
cgcatcctca
catcatctcc
cacatccacg
gttggataca
cgagaaacag
ttacgacaga
aaaagagtcg
gctctactca
caccaaacag
gctcacacat
tgaaactcca
caaccagaac
aatatcaaca
acacaacaac
cggtctgtac
gacttcaggt
tgtgttcggce
aacgccccca
attctgcaaa
gtacggtttc
accaaaggaa
ccgcaccaac
ggccgecget
taccgccgcec
ggtaacaaca
gacgcgatcc
tctaataaag
gaagaaatcg

aatcacccct
aggtgaacca
ttgaatgaat
acggggcttc
ataggtcatc
tcagcagcat
cctacatcca
tccgeccatc
ccgcccageca
acgggacagc
gaacaggacg
aacggtgtac
gcaattgcgt
gaagttatgt
tcagaccccg
tgcctcaaga
caagtagatg
agcaagcatg
cctccactac
ggtgctacgg
actacactcg
cggcctgtgce
ggatcccctg
caccggctac
attattctca
caattatcgc
gcaatgacgg
aacgctgctg
acgagagcag
ccatacccaa
gacccgtcat

cggcagcgag

A; 531 C; 429 G; 406 T; O other;

ttaccaagcg
caaacttgta
gtacttgaaa
atccaacgca
cccacatcac
ctgtggtcac
tcagttctgc
atgcacatca
acctgcgcaa
caattgaaat
gtcagaaaac
gagaagagcg
acgaaggcca
gcagtcggtg
tcatcatcga
acgccggcaa
tgagcggtcc
gacgcagagc
caacgccttg
tcgtcattgt
tgtggagtga
ctggggtggt
gcagatttgt
acaagcttat
agcgagcggc
tgccegegec
gcttcaacag
cagctcagtg
cgggagctcg
caacaataat
cggcaaggat
tgc

tttactgtga
aatttactga
attattcatc
tggtagccat
ctcatctctc
ctcctctacc
cacttcgcga
acagagcccc
gagcaacttc
agagaggact
aaacaatggc
agatttttat
ggataagaat
ttgtgataag
tagatttttc
cccacgagat
gctactcgca
caagcgaatc
tgttaaggcg
gggggataat
gctcatcacg
ggagatcacc
ttacgtctcc
tcctegecat
agacctagcg
gcgctcaccc
ctacacaggc
gggtgaaggt
tccagcagceg
aataacgagg
gatagtctct

agtgtaatta
gcccttatca
catgtcatgt
attccacatc
acatccctaa
accacatctc
gtgtggatgc
ggcctaggac
ttccactttg
gccttcgttg
atccattaca
gtacgattgg
ccggagatgt
aaaagctgcg
ctgaagttct
atgcgacggt
gtgtccgaca
gacaccgccg
atctgtccgt
ttcttcgatg
ccacacgcca
ctttcataca
ctgaccgatc
ccaggagacc
gaggcgctgt
gccacaatga
cagctcgtga
tttttcttct
gcagcagcga
agaacaatag
gcagaatatc

caaaaatcca
cccgacgttce
ttaaccttgg
atcctcacca
aagaagaacc
catctgtggc
aaccaaacat
gagcgcacta
tcctggegtt
gcttcataga
gattacaact
ttgacgcctc
gtcgggtgct
gaaaccggaa
tcttaaaatg
ttcaggtggt
acatgtttgt
acgccatgtt
cggaaggttg
gtctccaggt
tcaggatgca
agagtaaaca
ccactattga
ctgagaagct
acacaatgcc
accaatcagc
gcgtgcagga
agacgacaga
gctccctggce
gatcggcact
tagtcttaaa

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960

1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1883
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ID
XX
ST
XX
AC
XX
DT
DT
XX
DE
XX
Kw
XX
0S
oC
oC
XX
RN
RP
RA
RT
RL
RL
RL
Weg
RL
XX
RN
RA
RT
RT
RL
XX
FH
FH
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT

FT
FT

FN557066; SV 1; linear; mRNA; STD; INV; 839 BP.
private 31-DEC-2011
FN557066 ;

21-0CT-2009 (Rel. 102, Created)
21-0CT-2009 (Rel. 102, Last updated, Version 0)

Achaearanea tepidariorum partial mRNA for collier protein (col gene)

Parasteatoda tepidariorum (common house spider)
Eukaryota; Metazoa; Arthropoda; Chelicerata; Arachnida; Araneae;
Araneomorphae; Entelegynae; Araneoidea; Theridiidae; Parasteatoda.

[11
1-839
Schaeper N.D.;

Submitted (19-0CT-2009) to the EMBL/GenBank/DDBJ databases.
Schaeper N.D., Department of Developmental Biology, GZMB Ernst Caspari
Haus, University of Goettingen, Blumenbach Institute, Justus-von-Liebig

11, Goettingen, 37077, GERMANY.

[2]

Schaeper N.D., Pechmann M., Damen W.G.M., Prpic N.M., Wimmer E.A.;
"Evolution of collier function in head development in insects and other
arthropods™;

Unpublished.

Key Location/Qualifiers

source 1..839
/organism=""Achaeraranea tepidariorum
/mol_type="mRNA"
/tissue_type="embryonic tissue of all stages"
/db_xref=""taxon:114398""

5°UTR 1..240
/gene=""col"’
CDS 241..>839

/codon_start=1

/gene=""col”"

/product="collier protein”

/protein_id="CBH20113.1"

/translation="MMFGLQDPGLQPRGPMANIKEEPLTSAQLGSVRTGWMQPTMIDQT
AGSVGLGRAHFEKQPPNNPRKSNFFHFV IALYDKAGQPVEVERTAFVGF IEKDQEEEGQ
KTNNSVHYRLQLLFANGVRQEQDLYVRL I DHQRKKAVPYEGQDKNPEMCRVLLTHEVMC
SRCCDKKSCGNRNETPSDPV 1 1 DRFFLKFFLKCNQN*"
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XX
SQ

//

Sequence 839 BP; 258 A; 185 C; 209 G; 187 T; 0O other;

cattgctaag
atcgagtgga
cgtggtccaa
tggaaagtcc
atgatgttcg
gaagaacctc
atgattgacc
ccaaataacc
ggtcagccecg
gaagaaggtc
ggagtgcgge
gtcccttacg
gtaatgtgca
gatcctgtga

ttgttgctag
ggattgcaaa
agctgaagag
caggcgctcg
ggttgcaaga
tcacatctgc
agacagccgg
ccagaaaaag
ttgaagttga
aaaaaacaaa
aggagcaaga
aaggccaaga
gtcggtgctg
taattgacag

tggctgtaaa
agtgcgaacc
ggcgggeget
cttgatctat
tcctggectce
ccaactgggc
aagtgttggt
caattttttt
aagaacagct
taatagtgtt
cctatatgtt
caaaaacccc
cgacaagaag
atttttcctc

caataagtcg
gagcaccgtg
gagaggactc
cgccgtgagg
cagcccaggg
agtgttcgaa
ctaggtcgag
cattttgtca
tttgtgggtt
cactacagac
cgactaatag
gaaatgtgcc
agttgcggaa
aagttcttct

atcgccgtac
tgacgtcacc
actaaagatc
cttacgacaa
ggcccatggce
cgggatggat
cacattttga
ttgcattgta
ttatagaaaa
tacagctgct
accatcaaag
gagttctttt
acaggaacga
tgaagtgcaa

acggccaaac
atccccaaca
tcattgttgt
acgagttaag
caatataaaa
gcaaccgacg
aaaacagccc
tgataaagct
agaccaggag
gttcgcaaat
aaaaaaggcc
aacacatgaa
aaccccttca
tcagaattg

60
120
180
240
300
360
420
480
540
600
660
720
780
839
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