
Expression patterns of hairy, even-skipped, and runt
in the spider Cupiennius salei imply that these genes
were segmentation genes in a basal arthropod
Wim G. M. Damen*, Mathias Weller, and Diethard Tautz

Department of Evolution Genetics, Institut für Genetik, Universität zu Köln, Weyertal 121, D-50931 Cologne, Germany
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There is an ongoing discussion on whether segmentation in dif-
ferent phyla has a common origin sharing a common genetic
program. However, before comparing segmentation between
phyla, it is necessary to identify the ancestral condition within each
phylum. Even within the arthropods it is not clear which parts of
the genetic network leading to segmentation are conserved in all
groups. In this paper, we analyze the expression of three segmen-
tation genes of the pair-rule class in the spider Cupiennius salei.
Spiders are representatives of the Chelicerata, a monophyletic
basic arthropod group. We find that in spider embryos, the ortho-
logues for the Drosophila primary pair-rule genes hairy, even-
skipped, and runt are expressed in stripes in the growth zone,
where the segments are forming, suggesting a role for these genes
in chelicerate segmentation. These data imply that the involve-
ment of hairy, even-skipped, and runt in arthropod segmentation
is an ancestral character for arthropods and is not restricted to a
particular group of insects.

Metameric body plans are found in diverse metazoan phyla,
including vertebrates, annelids, and arthropods. However,

it is unclear whether the metamerization in different taxa is
generated by a common mechanism (1). So far, the mechanisms
underlying the segmentation process and the genes involved in
this process have been studied most thoroughly in an insect, the
fruit f ly Drosophila (2, 3). In this species, segmentation genes
were found to act in a hierarchical gene cascade, including gap
genes, pair-rule genes, and segment-polarity genes. This gene
cascade leads to the molecular subdivision of the embryo and,
eventually, to the formation of the segments. The first sign of
periodicity is the expression of the pair-rule genes; they are
expressed in stripes in a double-segmental pattern, specifying
alternate segments of the embryo. The overlapping stripes of the
pair-rule genes then define the domains for the activity of the
segment-polarity genes. These genes comprise the last step in the
molecular hierarchy of the segmentation process (4). Within the
arthropod phylum, the process of segmentation seems to be fairly
conserved at the level of the segment-polarity genes (1). How-
ever, our knowledge of the genes acting farther upstream in
the gene cascade is largely restricted to holometabolous insects,
thus far.

Although apparent orthologues of the Drosophila segmenta-
tion genes have been found in many animal groups, including
vertebrates, it is unclear to which extent they are involved in the
generation of the repetitive patterns of segments and somites. In
the beetle Tribolium castaneum, several pair-rule orthologues
(hairy, even-skipped, fushi tarazu, and runt) have been identified
and seem to be expressed in a double-segmental pattern (5–8).
Furthermore, elimination of the Even-Skipped (EVE) protein in
Tribolium results in a pair-rule phenocopy (9). In addition to this
result, a systematic mutagenesis screen in Tribolium has uncov-
ered mutants that display a clear pair-rule phenotype (10). This
finding suggests a conserved function for at least some of the
pair-rule genes in Tribolium. On the other hand, in the grass-
hopper Schistocerca, which is a representative of the more
ancestral hemimetabolous insects, neither eve nor fushi tarazu

( ftz) stripes form in the growth zone of the embryo (11, 12),
suggesting that these genes do not act as pair-rule genes in this
species.

To gain further insight into the evolution of the segmentation
process and the role of segmentation genes in different animal
phyla, it is necessary to identify the possible role of these genes
within different taxa. For this reason, we analyzed the expression
patterns of the pair-rule gene orthologues of hairy (h), even-
skipped (eve), and runt (run) in the spider Cupiennius salei. These
three genes are the primary pair-rule genes in Drosophila and are
controlled directly by the gap genes. The basal phylogenetic
position of chelicerates within the arthropod clade allows us to
draw more general conclusions on the degree of conservation of
this part of the segmentation-gene hierarchy. We find that Cs-h,
Cs-eve, and Cs-run are expressed in stripes in the growth zone of
the embryo, similar to what was found in Tribolium. This result
suggests that the function of pair-rule genes in segmentation is
ancestral, at least in arthropods.

Materials and Methods
Embryos. We used embryos of the Central American wandering
spider C. salei Keyserling (Chelicerata, Ctenidae, Aranida).
Fertilized female spiders were obtained from a colony bred by
Ernst-August Seyfarth in Frankfurt am Main, Germany. Em-
bryos were collected as described before (13, 14).

Cloning of Cs-h, Cs-eve, and Cs-run. Cs-h, Cs-eve, and Cs-run initially
were found by reverse transcriptase (RT)-PCR on RNA pre-
pared from germ-band embryos using degenerate primers di-
rected against conserved positions in the basic helix–loop–helix
region (hairy), the homeodomain (even-skipped), or the runt
domain (runt). For Cs-h, we used the primers h-fw (AARCC-
NATHATGGARAARMGNMG) and h-bw-1 (YTGNARRT-
TYTGNARRTGYTTNAC) in an initial PCR, and h-fw and
h-bw-2 (GTYWTYTCNARDATRTCNGCYTTYTC) in a
nested PCR on a 1-ml aliquot of this initial PCR. For Cs-eve, we
used the primers eve-fw (ACNGCNTTYACNMGNGARCA)
and eve-bw-1 (CKYTGNCKYTTRTCYTTCAT) in an initial
PCR, and eve-fw and eve-bw-2 (RTTYTGRAACCANACYTT-
DATNGT) in a nested PCR on a 1-ml aliquot of this initial PCR.
For Cs-run, we used the primers run-fw-1 (RCNRYNAT-
GAARAAYCARGTNGC) and run-bw (CKNGGYTC-
NCKNGGNCCRTC) in an initial PCR, and run-fw-2 (MRN-
TTYAAYGAYYTNMGNTTYGTNGG) and run-bw in a
nested PCR on a 1-ml aliquot of this initial PCR. The obtained
PCR fragments were cloned and sequenced.

A Cs-h cDNA clone was recovered from the embryonic cDNA
library (13) by using the cloned PCR fragment as a probe to
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screen the library. Larger fragments for Cs-eve, covering the
complete ORF, and for Cs-run, covering a part of the ORF, were
obtained by rapid amplification of cDNA ends–PCR (Marathon
cDNA amplification kit; CLONTECH).

Phylogenetic Analysis. To produce the phylogenies, we first con-
ducted a BLAST search (14) to identify the most closely related
sequences in the data banks. From these, we selected a repre-
sentative range of species. The sequences were aligned with
CLUSTAL X (15) using the BLOSUM matrix, a gap-opening penalty
of 20, and a gap-extension penalty of 0.2. Phylogenetic analysis
then was done with the program PUZZLE (16) as implemented in
PAUP Version 4.0 (17).

In Situ Hybridization. Whole mount in situ hybridizations were
performed as described (13, 18), with the modifications for
young stages as described in Damen and Tautz (19).

Results
Sequences of Cs-h, Cs-eve, and Cs-run. Initial RT-PCR amplifica-
tion with the nested primers for hairy-like sequences yielded only
one type of fragment with similarity to Drosophila hairy. This
fragment was used to screen a cDNA library, and a 1.6-kb cDNA
was recovered. The first ATG codon is found at nucleotide 141.
However, because this is not preceded by an in-frame upstream
stop codon, we cannot exclude the possibility that the amino-
terminal part of the protein is missing. The phylogenetic analysis
(Fig. 1) places the Cupiennius sequence at the base of the

arthropods, but with the Caenorhabditis homologue and the
Drosophila homologue deadpan inside this clade. However, this
particular node is not strongly supported and is sensitive to the
change of the alignment and reconstruction parameters.

A remarkable feature of the Cs-H sequence is the change in
the conserved carboxyl-terminal tetrapeptide WRPW found in
the Hairy family of basic helix–loop–helix transcription factors,
which include the Hairy, Deadpan, and Enhancer of split
proteins. The WRPW tetrapeptide is changed to WRPF in Cs-H.
The WRPW motif is required for interaction with the corepres-
sor Groucho and for transcriptional repression (20, 21). We do
not know whether this 1-aa change in the tetrapeptide affects a
putative interaction of Cs-H with Groucho. Runt domain pro-
teins contain a very similar carboxyl-terminal motif, WRPY,
which also is required for Groucho-dependent repression in
Drosophila (22).

The initial RT-PCR amplification with the nested primers also
yielded only one fragment for Cs-eve. The complete sequence for
Cs-EVE was then obtained by 59 and 39 rapid amplification of
cDNA ends–PCR experiments. Phylogenetic analysis places
Cs-EVE within the other known EVE protein sequences, but at
a basal position to the other arthropods (Fig. 2). All nodes are
well resolved in this case and are in line with the accepted
phylogenetic positions of each of the taxa.

The initial RT-PCR amplification yielded two different types
of PCR fragment for runt in the spider. For one of them
(Cupiennius runt-1), we could obtain partial extensions of the 39
and 59 regions by rapid amplification of cDNA ends–PCR, which
were used for the in situ hybridizations (see next paragraph). The
phylogenetic analysis shows a poor resolution at the base of the
tree (Fig. 3). There is moderate support for the two runt
fragments from Cupiennius being related to each other. How-
ever, similar to the situation for hairy, we find the Caenorhabditis

Fig. 1. Phylogram of the sequences most related to Cupiennius hairy. All
nodes had a PUZZLE support of .90%, except for the one that is specifically
labeled. GenBank accession nos. for the sequences used: Cupiennius,
AJ252154; Drosophila, S06956; Tribolium, S29712; Caenorhabditis, AF020555;
Drosophila Deadpan, Q26263; mouse Hes1, NP032261; newt Hes1, BAA76633;
Xenopus Hairy, AAA79185; Danio HER6, CAA65998; chickhairy1, O57337.

Fig. 2. Phylogram of the sequences most related to Cupiennius even-
skipped. All nodes had a PUZZLE support of .90%. GenBank accession nos. of
the sequences used: Bombyx, D38486; Danio eve1, Q90265; Tribolium, P92067;
Xenopus, P50476; mouse evx2, P49749; mouse evx1, P23683; Caenorhabditis,
Q93899; Schistocerca, Z11845; Drosophila, P06602; Cupiennius, AJ252155.
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homologue and the Drosophila homologue lozenge inside the
group that also contains the Drosophila and Tribolium runt genes.
However, the exact order of these branches depends on the
alignment and reconstruction parameters and therefore should
be considered to be nonresolved.

Expression of Cs-h, Cs-eve, and Cs-run. To see whether the spider
pair-rule gene orthologues Cs-h, Cs-eve, and Cs-run play a role
in the segmentation process of the spider, we analyzed their
expression by whole mount in situ hybridization on young spider
embryos. During spider embryogenesis, segments are sequen-
tially added at the posterior end of the embryo, which resembles
the formation of the abdominal segments in short-germ insect
embryos. It appears that Cs-h, Cs-eve, and Cs-run are expressed
in a dynamic way in stripes in the spider embryo. Fig. 4 A–C show
expression of Cs-h in embryos before the segments of the
prosoma (cephalothorax) become morphologically visible. Al-
though the embryos are at comparable stages, they show distinct
expression patterns that suggest a dynamic manner of stripe
formation. Fig. 4A shows an embryo in which most of the
posterior end is stained, whereas Fig. 4 B and C show a
progressive clearing of this posterior end. A similar pattern can
also be seen in later stages, alternate states of covering the most
posterior end and clearance of it (Fig. 4 D and E). At more
advanced stages of development, segments still form at the
posterior end. This morphological segmentation still is preceded
by hairy stripes (Fig. 4F).

Cs-eve is also expressed in stripes that form from a posterior
domain in a comparable way as Cs-h (Fig. 4 G–I), although the
stripes are narrower and fade much faster. In the more differ-
entiated segments, Cs-eve is then expressed in the developing
central nervous system in each segment, a pattern that will be
described in detail elsewhere.

Cs-run is expressed in a way that is very reminiscent of Cs-eve,

in stripes in early embryos (Fig. 4 J–L). In addition, there is
expression of this gene in the neuroectoderm of the more
differentiated segments. Apart from this, Cs-run is also ex-
pressed in the head region of the developing spider embryo in a
similar way as run is expressed in the head of the developing
Drosophila embryo (23) and in the developing legs of the spider.
These additional patterns will be described in detail elsewhere.

As soon as the broad Cs-h stripes become located more to the
anterior, they fade at the anterior side and gain the appearance
of a double stripe (Fig. 4 A–F). The anterior part of this double
stripe is always weaker than the posterior. It is not clear yet
whether this splitting of the broad Cs-h stripe is comparable to
the splitting of eve stripes in Tribolium. In Tribolium, each
primary eve stripe resolves in two segmental stripes (6, 24). For
Cs-eve and Cs-run, we do not see such a splitting of the stripe.

The expression patterns in the spider demonstrate that mor-
phological segmentation in the spider is preceded by expression
of the segmentation gene orthologues Cs-h, Cs-eve, and Cs-run.
Thus, Cs-h, Cs-eve, and Cs-run are likely to play a role in the
segmentation process of the spider and might act upstream of the
segment-polarity genes.

Discussion
Before one can understand the ancestral role of the segmenta-
tion genes during arthropod segmentation, it is necessary to
compare the expression and function of these genes in different
arthropod groups. The function of at least one gene is well
conserved in arthropod segmentation, that of the segment-
polarity gene engrailed (en). EN is expressed in the posterior part
of the segments in insects, crustaceans, and chelicerates (13,
25–28), and it seems that it plays a similar role in the specification
of segment borders. However, so far it is not clear whether the
genes regulating en in the segmentation gene cascade are also
conserved.

Our data show a likely involvement of three orthologues of
insect pair-rule genes in spider segmentation. The expression of
Cs-h, Cs-eve, and Cs-run precede morphological segmentation.
This finding indicates that at least some of the upstream genes
in the hierarchical segmentation gene cascade known from
Drosophila do play a role in the segmentation of other arthropod
clades. h, eve, and run belong to the primary pair-rule genes in
Drosophila, which are directly controlled by the gap genes. Apart
from the pair-rule genes, we also have recovered apparent
orthologues of gap genes from spiders (ref. 29; our unpublished
data). However, because the earliest stages of spider embryo-
genesis occur under conditions where the cells are only loosely
aggregated, we have not yet been able to obtain expression
patterns for these genes from the earliest stages. Thus, the
involvement of gap genes and possibly of maternal genes in the
segmentation of the spider embryo remains an open question. In
addition to this, we are not yet able to say whether the pair-rule
genes identified here act in a double-segmental periodicity. The
Cs-h stripes resolve into segmental stripes at later stages, but this
result could be a secondary expression aspect. Several pair-rule
genes in Drosophila show both a double-segmental and a seg-
mental periodicity. This phenomenon has been best documented
for eve, where separate promoter elements drive the early and
the late expression phases (30). It is interesting that evolutionary
comparisons between insects show that this aspect of eve ex-
pression is rather variable. The mothmidge Clogmia (Diptera)
shows only the pair-rule pattern, but not the segmental pattern
(31). On the other hand, the parasitic wasp Copidosoma (Hy-
menoptera) shows only the segmental pattern (32). Both the
double-segmental and segmental patterns are found in the honey
bee (Hymenoptera) (33) and in Tribolium (Coleoptera) (6, 23).
The more basic insect Schistocerca (Orthoptera) shows neither
pattern, whereas a closely related orthopteran species, the
cricket, as well as the earwig (Dermaptera), an even more basal

Fig. 3. Phylogram of the sequences most related to the Cupiennius runt
fragments. All nodes had a PUZZLE support of .90%, except for those that are
specifically labeled. Note that only a small fragment was available for Cupi-
ennius 2. GenBank accession nos. of the sequences used: Caenorhabditis,
AAD54940; Drosophila, P22814; Drosophila lozenge, AAC47196; mouse Osf2,
AAB65409; chick runtB2, CAA85297; Heliocidaris, AAC28443; Strongylocen-
trotus, AAB03565.
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Fig. 4. Embryos of the spider C. salei stained with the Cs-h (A–F), the Cs-eve (G–I), or the Cs-run (J–L) probe by whole mount in situ hybridization. Embryos in
A–C are at a stage before the germ band is forming; embryos in D–E and G–L are slightly older, and the germ band is more compressed as compared with the
embryos in A–C. The embryo in F is an even more advanced stage. The embryos in A–E, G–I, and J–L show the progression of the Cs-h, Cs-eve, and Cs-run expression,
respectively. Initially, Cs-h, Cs-eve, and Cs-run are expressed in a posterior domain; these expression domains then move anteriorly and form stripes.
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insect, show a segmental pattern (P. Moore, R. Dawes, and N.
Patel, unpublished data cited in ref. 1). These results suggest that
not all components of the segmentation gene hierarchy need to
be conserved in all species and that there may be a considerable
flexibility for some genes. This f lexibility could also explain the
situation in Schistocerca, where neither eve nor ftz shows stripes
in the growth zone (11, 12). However, both genes are expressed
in a single domain in this region, providing the possibility that
they still may be involved in some aspect of patterning regula-
tion. It is also interesting that for ftz in Tribolium, loss of function
is not associated with a pair-rule phenotype, although ftz is
expressed in a pair-rule pattern in Tribolium (7, 34).

The fact that we find all three primary pair-rule genes known
from Drosophila to be expressed in the growth zone of the spider
suggests that the mechanism of patterning may be conserved,
which would also imply that the pattern we see represents a
pair-rule pattern, although we have no direct evidence for this
assumption. This inference contrasts with the current knowledge
about the formation of somites in vertebrates. It has been shown
for the chick that somitogenesis is driven by an internal clock

mechanism that provides each of the cells in the presomitic
mesoderm with multiple waves of expression before a somite is
specified (35–38). Intriguingly, one of the genes involved in this,
chick hairy 1, is closely related to the arthropod hairy genes. On
the other hand, it has been suggested for another gene from this
family in zebrafish, her1, that it is expressed in a pair-rule pattern
(39). Thus, it would seem possible that somitogenesis in verte-
brates is driven by two mechanisms, a clock mechanism and a
pair-rule mechanism. This possibility, in turn, could suggest that
there is also a clock mechanism in arthropods that has not been
detected yet, because most research has focused on understand-
ing the pair-rule mechanism.
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