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PATTERNS & PHENOTYPES

Isolation and Expression of Pax6 and atonal
Homologues in the American Horseshoe Crab,
Limulus polyphemus
David C. Blackburn,1† Kevin W. Conley,2† David C. Plachetzki,3 Karen Kempler,4

Barbara-Anne Battelle,4 and Nadean L. Brown2*

Pax6 regulates eye development in many animals. In addition, Pax6 activates atonal transcription factors
in both invertebrate and vertebrate eyes. Here, we investigate the roles of Pax6 and atonal during
embryonic development of Limulus polyphemus rudimentary lateral, medial and ventral eyes, and the
initiation of lateral ommatidial eye and medial ocelli formation. Limulus eye development is of particular
interest because these animals hold a unique position in arthropod phylogeny and possess multiple eye
types. Furthermore, the molecular underpinnings of eye development have yet to be investigated in
chelicerates. We characterized a Limulus Pax6 gene, with multiple splice products and predicted protein
isoforms, and one atonal homologue. Unexpectedly, neither gene is expressed in the developing eye types
examined, although both genes are present in the lateral sense organ, a structure of unknown function.
Developmental Dynamics 237:2209–2219, 2008. © 2008 Wiley-Liss, Inc.

Key words: Limulus; Pax6; Atonal; chelicerate; eye development

Accepted 30 May 2008

INTRODUCTION

Eye morphology, tissue, and cell type
composition, and mechanisms of pho-
toreception and phototransduction are
features that define the diversity of
eye types found in different organ-
isms. Eye development also provides
valuable data for phylogenetic analy-
ses, particularly those concerning bi-
laterian relationships (reviewed in
Arendt and Wittbrodt, 2001; Arendt,
2003). In recent years, evolutionary
comparisons of developmental gene
hierarchies have contributed to theo-
ries of eye evolution, to the extent that
several long-standing views were re-
vised (Halder et al., 1995b; Gehring,

1996; Callaerts et al., 1997; Pichaud
et al., 2001). One transcription factor
with a highly conserved and essential
role in eye development is Pax6. Mu-
tational analyses have demonstrated
that Pax6 is critical for initial eye
specification and differentiation (Hill
et al., 1991; Ton, 1991; Glaser et al.,
1992; Quiring et al., 1994). Con-
versely, misexpression of Pax6 re-
vealed its sufficiency, because it re-
specifies ectodermal tissues into
partial or complete ectopic eyes
(Halder et al., 1995a; Tomarev et al.,
1997; Chow et al., 1999). However,
Pax6 is not universally expressed dur-
ing metazoan visual system develop-

ment. For example, particular jelly-
fish, polychaete worm, myriapod, and
amphioxus eyes or visual organs lack
Pax6 expression (Glardon et al., 1998;
Arendt et al., 2002; Piatigorsky and
Kozmik, 2004; Prpic, 2005). Instead,
the expression of Pax-B and So within
embryonic jellyfish or adult Platyneris
eyes respectively, point to alternative
mechanisms of eye development in
some species (Arendt et al., 2002; Pi-
atigorsky and Kozmik, 2004).

Nonetheless, multiple features of
the Pax6 gene are well conserved
among bilaterians. First, the amino
acid sequence of the encoded protein
retains high identity, particularly
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within the paired- and homeo-do-
mains that bind DNA (reviewed in
Callaerts et al., 1997). Moreover, the
exon/intron structure of numerous
Pax6 genes are strongly conserved, as
are distinct cis-regulatory elements
and trans-acting factors that bind
them (Callaerts et al., 1997; Kamman-
del et al., 1999; Xu et al., 1999). Some
invertebrate species have duplicate
Pax6 genes (Czerny and Busslinger,
1995; Jun et al., 1998; Czerny et al.,
1999; Prpic, 2005), whereas most
chordates have a single Pax6 gene (re-
viewed in Callaerts et al., 1997; van
Heyningen and Williamson, 2002). In-
stead of gene duplication and func-
tional divergence, vertebrate Pax6
functions are divided among distinct
splice products and/or protein iso-
forms (Carriere et al., 1993; Epstein et
al., 1994; Glardon et al., 1998; Mishra
et al., 2002; Lakowski et al., 2007).

Concomitant with Pax6 gene conser-
vation is its maintained regulation of
orthologous downstream genes (re-
viewed in Wawersik and Maas, 2000;
Hanson, 2001; Friedrich, 2006). For in-
stance, eya-Eya, so-Six, and atonal-
Ath5 gene families all act immediately
downstream of Pax6 in both fruit fly
and mouse eye development. These
downstream genes also perform con-
served roles in specific aspects of eye
development. For example, the atonal-
Ath5 family encodes basic helix–loop–
helix (bHLH) factors that specify the
first retinal neuron class during fruit
fly, zebrafish, chick, frog, and mouse eye
development (reviewed in Vetter and
Brown, 2001; Mu and Klein, 2004).

The visual system of the chelicerate
Limulus polyphemus (Lp) has been
studied for decades, especially with re-
spect to its circadian biology, neuro-
anatomy, and physiology (Hartline et
al., 1956; Barlow, 1969; Snodderly and
Barlow, 1970; French, 1980; Sekiguchi
et al., 1982; Barlow et al., 2001). More
recently, molecular approaches have
been applied to studies of Limulus eye
development (Harzsch et al., 2006).
During embryogenesis three types of
rudimentary eyes (lateral, median, and
ventral) develop and innervate the
brain (see Fig. 1 of Harzsch et al., 2006
for detailed diagrams). All are closely
associated with pigmented cells termed
guanophores, and these eyes seem to
provide phototic input during embry-
onic and early larval life (French, 1980;

Harzsch et al., 2006). Subsequently, the
lateral compound eye and median ocel-
lar eyes develop during larval stages
and provide major visual inputs in
adult animals. The lateral compound
eyes, median ocelli, and lateral and ven-
tral rudimentary eyes express visible
light opsins (Smith et al., 1993; Battelle
et al., 2001; Dalal et al., 2003), and me-
dian ocelli also display ultraviolet-sen-
sitivity (Nolte and Brown, 1969). The
opsins in the median rudimentary eyes
are not yet known. Two Limulus opsin
genes encoding visible light proteins
have been characterized (reviewed in
Battelle, 2006), and the photoreceptor
cells within the various eyes classified
as rhabdomeric (Arendt and Wittbrodt,
2001). In an evolutionary context,
Limulus is interesting because it has
both multiple eyes and eye types, which
raises the possibility for heterogeneity
in the development of different eyes and
types of visual organs. In addition, reg-
ulatory genes involved in eye develop-
ment have been described for all major
arthropod lineages, except chelicerates.

Here, we report isolation and embry-
onic expression of Lp Pax6 and atonal
genes. Paradoxically, we found that nei-
ther gene is expressed during eye devel-
opment in the Limulus embryo or
young larvae. Instead, we found Pax6
expression in the developing brain, ven-
tral nerve cord, and lateral sense organ.
In addition an Lp atonal family member
was identified, but is only expressed in
the developing lateral sense organ, a
sensory structure whose function re-
mains unresolved. These findings sug-
gest that particular aspects of Limulus
embryogenesis are divergent from other
arthropods.

RESULTS

Molecular Cloning of
Limulus Pax6

A Limulus polyphemus (Lp) Pax6
800-bp fragment, encoding partial
paired- and homeo-domains, was iso-
lated by low-stringency reverse tran-
scriptase-polymerase chain reaction
(RT-PCR) using the strategy, nested
primers and PCR conditions previously
described by Arendt et al. (2002). Mul-
tiple subclones of this fragment had
identical nucleotide sequences. The 5�
and 3� rapid amplification of cDNA ends
(RACE) was then performed on mixed
stage embryo cDNA. We isolated dis-

tinct 5� RACE products (Figs. 1, 2), but
only one 3� RACE product of 1.2-kb in
length. DNA sequence analysis indi-
cated that this product contains a par-
tial Pax6 paired domain, homeodomain,
stop codon, and 3� UTR (Figs. 1A, 2A).
Twelve different 5� RACE subclones
were DNA sequenced, their nucleotide
sequences compared and then divided
into five classes (Fig. 1A). Four of five
classes differ only in their 5� UTR, with
all subclones converging at the same
predicted splice acceptor site, 91 nucle-
otides upstream of the ATG start codon
(asterisk in top four diagrams of Fig.
1A). The 5� RACE products of these four
classes have identical nucleotide se-
quences, from the putative splice site to
their 3� end within the coding region
(Fig. 1A). The fifth 5� RACE product has
a shorter 5� UTR, predicted alternative
ATG start codon and four unique amino
acids, which are in frame with the
paired domain (bold-faced amino acids
in Clone 11, Fig. 2A). This RACE prod-
uct is predicted to use a separate down-
stream splice acceptor site (asterisk in
Clone 11 in Fig. 1A). This 5� RACE
product has identical nucleotide se-
quence to that of the other four classes,
from the first codon of the paired do-
main to its 3� end.

To characterize the 5� end of Lp Pax6
further, we sequentially probed a
genomic Southern blot at high strin-
gency, with three cDNA probes (Fig.
1A,B). When the hybridization patterns
of Probes 1 and 2 were compared, a
subset of bands are shared between
these probes (white asterisks), while
some bands were hybridized strictly by
Probe 2 (yellow asterisks or a white ar-
row). To understand whether Probe
2-specific bands represent restriction
fragments containing 3� nucleotides be-
yond the end of probe 1, we next deter-
mined the genomic Southern blot pat-
tern of probe 3 (Fig. 1A, probe diagram).
Comparison of Probe 2 and 3 hybridiza-
tion patterns (Fig. 1B) indicates that all
bands, except one (white arrow in mid-
dle blot), contain Lp Pax6 3�-specific se-
quences. Bands denoted with orange as-
terisks are common to all three probes.
To explore the possibility that the Lp
genome contains more than one Pax6
gene, we probed a genomic Southern
blot with Probe 2 at low stringency, and
observed the identical hybridization
pattern found at high stringency in Fig-
ure 1B (data not shown). We conclude
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that Lp embryos possess at least one
Pax6 gene, with multiple 5� splice prod-
ucts, which are predicted to produce two
distinct protein isoforms (Figs. 1A, 2A).

Evolutionary Comparison of
Pax6 Paired Domains

Overall Lp Pax6 shares significant
amino acid identity in the paired do-

main with all Pax6 proteins aligned
(Fig. 2B). The Lp Pax6 paired domain
has highest amino acid identity (92%)
with Drosophila toy, and lowest (78%)
with the flatworm Dugesia (Fig. 2B).
Both parsimony and Bayesian analy-
ses provide strong support that among
the Pax6 paired domains analyzed, Lp
Pax6 is closely related to Drosophila
toy. Moreover, within the paired do-

mains of toy and ey, there is a critical
difference of one amino acid, which
has been previously demonstrated as
critical for DNA binding affinity (Cz-
erny et al., 1999). In both Lp Pax6 and
Drosophila toy this residue is an as-
paragine, which is typical of most non-
arthropod Pax6 genes. However, Dro-
sophila ey and amphioxus Pax6
encode a glycine at this position. This
further suggests that Lp Pax6 is more
closely related to toy than it is to ey.
The paired domains of these two genes
may also be closely related to Pax6.2
of the myriapod Glomeris. However,
this interpretation is tentative be-
cause the complete amino acid se-
quences of the Glomeris Pax6 paired
domains may demonstrate that
Pax6.2 is not closely related to Lp
Pax6 and toy (Fig. 3).

Although our data suggest a mono-
phyly of Pax6-eye genes among ec-
dyzosoans, the relationship of Dro-
sophila paired, to that of Ciona Pax6
and all Pax6 sequences analyzed, is
puzzling (Fig. 3). The positions of Dro-
sophila paired and ey are not well sup-
ported by our analyses, because the
bootstrap values were low. Because
bootstrap values �70% and Bayesian
posterior probabilities �0.95 are
needed to show strong support in phy-
logenetic analyses (Hillis and Bull,
1993; Wilcox et al., 2002), an expan-
sion of the Pax6 paired domain data-
set and its outgroups might resolve
these discrepancies. Of interest, there
is strong support from both phyloge-
netic analyses for the close relation-
ship among hemichordate and mol-
lusk Pax6-eye paired domains (Fig. 3).

Cloning and Evolutionary
Comparison of an Lp atonal
Homologue

To isolate Lp Atonal bHLH homologues,
degenerate bHLH domain primers and
standard PCR conditions were used
with Lp genomic DNA (Brown et al.,
1998), because atonal gene orthologues
contain no introns. Ten subclones con-
taining the predicted 135-bp product
were DNA sequenced and the nucleo-
tide sequences compared. We found
three highly related, but distinct, bHLH
domains encoded (Fig. 4A). The nested
RT-PCR strategy of Arendt et al. (2002)
was tried several times on mixed em-
bryo cDNA, but no PCR products recov-

Fig. 1. Lp Pax6 encodes multiple isoforms. A: Diagram of five different types Lp Pax6 5� rapid
amplification of cDNA ends (RACE) products with a single 3� RACE product. Color-coding indicates
different 5� untranslated region (UTR) sequences. Use of the same color among different classes of
clones indicates stretches of exact nucleotide identity. The positions of gene-specific RACE primers are
indicated by blue arrows, below (5� RACE) or above (3� RACE) each diagram. 11 of 12 5� RACE
products have identical sequences beginning at a putative splice acceptor site (asterisk) upstream of
the start ATG codon. One 5� RACE subclone (#11) has an alternative in frame ATG start, plus 4 unique
amino acids immediately upstream of the paired domain (bold-faced amino acids in Fig. 2A). The
longest 5� RACE product (probe 1) was used for Southern blot analyses. B: Autoradiographs of replicate
Limulus genomic Southern blots hybridized with the cDNA probes shown in A. Enzymes used to digest
Limulus genomic DNA are indicated above each lane. White asterisks to the right of bands indicate
those in common for Probes 1 and 2, yellow asterisks mark bands in common between Probes 2 and
3, and orange asterisks indicate bands common to all three probes. Several of the bands marked by
white asterisks gave a weaker signal on the Southern blot autoradiogram. The white arrow in the middle
blot points to the only band that uniquely hybridizes with Probe 2.

LIMULUS PAX6 AND ATONAL 2211
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A. Limulus polyphemus Pax6 amino acid sequences 

Isoform predicted by sequence of 5' RACE Clones 1-10,12 

MPHKGHSGVNQLGGVYVNGRPLPDSTRQKIVELAHSGARPCDISRILQVSNGCVSKILGRYYETGSIKPRTIGGSKPRVATSAVVNKIADYKRECPSVFAWEIRDRLLADGVCNSENIPSVSSINRVLRN 

LTSOKIXNEPSPHHVPMTGPESVYDKLRLLNGSOPLOWYPTGPTSHFHGIPPTSSPVALGQNAGLVGPVIIGGNGHPSLAACESHRODHPSVKIMSIDATSDGNSENNSSADEDSQLRMRLKRKLXRNRil 

TNEQIEALEKEFERTHYPDVFARERLAEKITLPEARIQVWFSNRRAKWRREEKLRNQRRVVEQPTGTTVLAPPNGRLPINGTFYNSMYPSLGQPMGGMGDSYSMPPSSSMASNHCLQQRDPTSYTYMFH 

DPLSLGSYSRSSCTPSQSINGEPSYSVNGGNAHGAGVISPGVTVPLQVPSQGPDLSMATNYWHRIQ 

Isoform predicted by sequence of 5' RACE Clone 11 
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ered contained bHLH domains. To ob-
tain additional Lp atonal coding
sequences, gene-specific primers were
designed from the bHLH domain iso-
lated in 6 of 10 subclones (Fig. 4A) and
5� and 3� RACE performed with mixed
stage embryo cDNA. For 3� RACE one
450 bp product was obtained that is pre-
dicted to encode the 3� end of a bHLH
domain, plus two additional amino ac-
ids (Fig. 4B), immediately followed by a
stop codon and 3� UTR. We were unable
to isolate any 5� RACE products, de-
spite repeated attempts with several
different gene-specific primers and a va-
riety of PCR conditions. The partial cod-
ing region obtained is highly similar to
Drosophila Atonal (69%) Cato (71%)
and Amos (73%), but shares the highest
amino acid identity with Anopheles
Atonal (81%; Fig. 4C). Interestingly,
this Lp atonal partial cDNA encodes a
polypeptide with higher amino acid
identity to mouse Math1 (78%) than to
Math5 (71%). This finding suggests
that Limulus Atonal is more related to
Math1.

Both parsimony and Bayesian anal-
yses provide strong support that
among bHLH domains, Lp atonal is
most closely related to atonal, Ath1,
and Ath5 (Fig. 5) While there is strong
support for the monophyly of Ath1
genes, there is only very weak support
for the inclusion of Lp atonal in a lin-
eage comprising both fruit fly atonal
and vertebrate Ath5 genes. Interest-
ingly, there is strong support for a lin-
eage each of atonal, Ath1, and Ath5
(the latter is found only in deuteros-
tomes), as well as a lineage for arthro-
pod amos and atonal, excluding the
Limulus gene described here. Lp
Atonal does not share any of the auta-
pomorphic amino acids found in the
loop region of Drosophila Cato, which
suggests that these proteins are not
closely related. Likewise, the first
amino acid in Lp Atonal Helix1 is a
histidine, whereas in Drosophila Cato
and the arthropod Amos-Atonal lin-
eage this residue is an asparagine (al-
though in Drosophila Atonal it is a
glutamine). Therefore, the phyloge-

netic affinities of this Lp Atonal bHLH
domain remain obscure.

Lp Pax6 and Atonal
Expression During
Embryogenesis

By RT-PCR, both Lp Pax6 and atonal
mRNAs are expressed during early (st
0–12), mid (st 13–17), and late (st 18–
20) horseshoe crab embryogenesis
(Fig. 6A). To determine the tissue lo-
calization of these transcripts, we also
performed whole mount in situ hy-
bridization. Unfortunately, we were
unable to analyze embryos younger
than st 13 due to their fragility during
riboprobe hybridization at stringent
temperatures. Beginning around
stages 16/17, we observed Lp Pax6
mRNA expression in the forming
brain (white arrows in Fig. 6B,D,F,H),
ventral nerve cord (black arrows in
Fig. 6B,D,F,H) and lateral sense or-
gans (Fig. 7K,L; n � 25 experiments).
All three expression domains were ab-
sent in age-matched sense controls

Fig. 2. Amino acid sequence of Lp Pax6. A: Deduced amino acid sequence of two predicted protein isoforms of Limulus Pax6 that only differ by four
amino acids (bold-faced in clone 11). The paired domain is underlined and the homeodomain shaded. B: Amino acid sequence comparison of the
paired domain for Lp Pax6 with various invertebrate and vertebrate Pax6 proteins in the NIH/NCBI database. Dark shading indicates identical amino
acids, light shading similar amino acids to Lp Pax6. Percent identities (uncorrected pairwise sequence divergences) are listed at the right. The Lp Pax6
paired domain shares the highest percent identity with that of Drosophila toy.

2212 BLACKBURN ET AL.
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(Fig. 6C,E,G,I and data not shown).
Among the different Pax6 expression
domains, the lateral sense organ ex-
hibited the most robust expression
(Fig. 7K). However, the alkaline phos-
phatase color reaction product that

appeared in evaginating appendages
from stage 14 to trilobite larvae was
not real Pax6 mRNA expression, be-
cause sense control embryos had the
same staining (asterisks in Fig. 6B–I).
We also analyzed Lp atonal expres-

sion in parallel to that of Pax6. By
contrast, atonal is only expressed in
the forming lateral sense organ, from
st 17/18 to hatching trilobite larvae
(Fig. 7I,J and data not shown; n � 25
experiments). For both Lp Pax6 and
atonal, no expression was found in
any of the diverse eyes developing
from stage 13 to trilobite larvae hatch-
ing (Figs. 6, 7 and data not shown).

Comparison of Lp Pax6,
Atonal, and MyoIII
Expression During Eye
Formation

Lp MyoIII protein expression has
been described for the embryonic lat-
eral, median, and ventral rudimen-
tary photoreceptors, and larval and
adult compound lateral eye omma-
tidial and medial ocellar photorecep-
tors (Battelle et al., 2001; Harzsch et
al., 2006). The Lp MyoIII gene encodes
a photoreceptor cell-specific, uncon-
ventional myosin that is under circa-
dian regulation (Battelle et al., 1998).
To establish conditions for Limulus
whole-mount in situ hybridization
and to follow embryonic and larval eye
development, we compared MyoIII
mRNA and protein expression from st
13 through newly hatched larval de-
velopment (Fig. 7A–H). At st 18, My-
oIII mRNA expression first appears in
rudimentary lateral and median pho-
toreceptor cells (Fig. 7A,B), but no ex-
pression was observed in the lateral
sense organ. However, the anti-My-
oIII antibody weakly labels the rudi-
mentary lateral and median eyes, as
well as the lateral sense organ begin-
ning at st 18 (Fig. 7D and Harzsch et
al., 2006). Because the MyoIII anti-
sera, but not our MyoIII riboprobe, la-
beled the lateral sense organ, it sug-
gests that another MyoIII-like protein
is present in this sensory structure.

At st 20-1, MyoIII mRNA is ex-
pressed within the first lateral eye om-
matidial cells, situated in the center of a
crescent of rudimentary photoreceptors
(Fig. 7C� and C� high magnifications of
the lateral eyes in C). MyoIII is also
maintained in the rudimentary median
eye at this older age (Fig. 7C��). During
st 20, a small number of ventral photo-
receptor cells express MyoIII mRNA
(Fig. 7F) and protein (Fig. 7G). MyoIII
protein is localized similarly to visual
arrestin (VAR, a photoreceptor-specific

Fig. 3. Phylogenetic analyses of amino acids in the Lp Pax6 paired domain. Majority rule consensus
tree of the 114,805 most parsimonious trees resulting from a heuristic search using maximum parsi-
mony; numbers above branches are the percentage of trees in which the topology appears. Numbers
below branches are the posterior probabilities for that topology found through a Bayesian phylogenetic
analysis using a mixed amino acid model. Pax6 paired domains form a clade that is strongly supported
by both analyses. Among the Pax6 paired domains, there is strong support that the Lp Pax6 paired
domain (black arrow) is most similar to that of Drosophila toy. There is also strong support from both
analyses for clades comprising the paired domains of planarian flatworms (Dugesia and Girardia),
lampreys (Lethenteron and Lampetra) and mollusks (Loligo and Euprymna).
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protein) in the rudimentary ventral
eyes, lateral and median optic nerves
(Fig. 7G,H). In animals st 18 and older,
Lp atonal and Pax6 mRNA expression
was observed in the lateral sense organ
that lies ventral to the lateral rudimen-
tary eye (black arrows in Fig. 7I–L).
These two sense organs are readily dis-
tinguished by their dorsal–ventral posi-
tions and distinct morphologies (com-
pare insets in Figs. 7A and 7I). Because
we found no evidence of Lp Pax6 or
atonal expression analogous to that of
MyoIII, we conclude that neither gene is
expressed during the formation of the
three different rudimentary eyes or
early lateral compound eye and median
ocellar development.

DISCUSSION

Limulus polyphemus (Lp) embryology
has been studied since the late 1800s.
Much more recently, investigations of
chelicerate embryonic body pattern-
ing and neural development were re-
ported by multiple groups (Telford
and Thomas, 1998; Abzhanov et al.,
1999; Stollewerk et al., 2001; Dearden
et al., 2002, 2203; Mittmann, 2002;
Mittmann and Scholtz, 2003; Maxmen
et al., 2005; Pioro and Stollewerk,
2006). However, only a handful of de-
velopmentally expressed Limulus
genes have been characterized (Cart-
wright et al., 1993; Cook et al., 2001;
Mittmann and Scholtz, 2001; Davis et

al., 2005). Likewise, the Lp visual sys-
tem has been investigated for decades
(reviewed in Barlow, 2003; Battelle,
2006) but, the molecular mechanisms
of eye development in Limulus and
other chelicerates, is still unknown.
The goal of this study was to link Lp
Pax6 and atonal genes to the forma-
tion of one or more types of Limulus
eyes. Much to our surprise, we found
neither gene is expressed during the
formation of different eyes. Instead,
we observed Lp Pax6 expression in the
brain and ventral nerve cord and the
expression of both genes in the lateral
sense organ.

There are multiple explanations for
these findings that are not mutually

Fig. 4. Molecular characterization of Lp atonal. A: Amino acid sequences of three types of atonal-related basic helix–loop–helix (bHLH) domains PCR
amplified from Limulus genomic DNA. Degenerate PCR primers were designed for the underlined amino acids, based on Drosophila atonal and Xenopus Ath5
bHLH domains (Brown et al., 1998). B: Partial amino acid sequence of a Limulus atonal homologue partially cloned. C: Comparison of bHLH domain amino
acid sequence for Lp atonal with those of various invertebrate and vertebrate Atonal/Ath/ATOH proteins in the NIH/NCBI database. Dark shading indicates
identical amino acids, light shading similar amino acids to Lp Atonal. Percent identities (uncorrected pairwise sequence divergences) are listed in the right
column. The Limulus bHLH domain shares the highest percent identity with the Anopheles (mosquito) atonal gene.

2214 BLACKBURN ET AL.
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exclusive. First, because these tran-
scription factors are expressed at
younger ages than our in situ experi-
ments could assay, it is plausible they
act in the eye primoridia(s) before
stage 13. Second, there are other in-
stances of bilaterian eyes that do not
express Pax6, and this may also be the
case for Limulus. For example, Platy-
nereis larval eyes express Pax6, but
their adult eyes form by means of a
Pax6-independent mechanism that in-

volves So/Six gene expression (Arendt
et al., 2002). The myriapod Glomeris
has two Pax6 genes, yet neither is as-
sociated with eye formation, and am-
phioxus Pax6 is present in its multiple
eye types, but not the Organ of Hesse
that contains photoreceptors (Glardon
et al., 1998; Prpic, 2005). Analogously,
deuterostome eye specification re-
quires the Rx gene that acts upstream
of Pax6 (Furukawa et al., 1997;
Mathers et al., 1997; D’Aniello et al.,

2006). Finally, multiple Pax6 and/or
atonal genes may exist now or during
the evolutionary history of Limulus,
meaning a Pax6 or atonal paralogue
may regulate eye development. In-
deed, our isolation of three different
atonal-class bHLH domains, suggests
there are multiple Lp atonal-like
genes. The Lp atonal described here is
only expressed in the lateral sense or-
gan, a structure of unknown function.
The high amino acid identity among
Lp Atonal, Drosophila Amos, and Mus
Math1 proteins, whose functions in
auditory or olfactory development are
known (Bermingham et al., 1999; zur
Lage et al., 2003), may indicate that
the lateral sense organ is involved in
auditory or olfactory sensation.

Horseshoe crabs are often considered
“living fossils” as they obtained their
present morphological form at least by
the mid Mesozoic (ca. 160 million years
ago, Fisher, 1984), but possibly as early
as the late Ordovican (ca. 445 million
years ago, Rudkin et al., 2008). How-
ever, the last common ancestor of living
taxa was more recent, probably within
the last 80 million years (Avise et al.,
1994). Here, we describe several dis-
tinct features of the Limulus Pax6 gene,
as compared to those of other arthro-
pods. Along with the absence of Pax6
mRNA expression in multiple develop-
ing eye types, another unanticipated
characteristic of Lp Pax6 is its predicted
multiple splice products that would give
rise to distinct isoforms. Intriguingly,
distinct splice products and protein iso-
forms are features of vertebrate Pax6
genes. Together our findings suggest
that Limulus embryos use divergent
gene networks in their developing vi-
sual systems and appendages. In the
future, it will be exciting to understand
whether these are also characteristics
of other chelicerate species. While mor-
phological stasis may characterize
horseshoe crab evolution, further re-
search on their embryology may provide
important insight into the evolution of
novel gene networks.

EXPERIMENTAL
PROCEDURES

Animals

The collection protocols of Harzsch et
al. (2006) were followed, except that
water was changed every other day

Fig. 5. Phylogenetic analyses of Lp Atonal bHLH domain amino acids. Majority rule consensus tree
of the 37 most parsimonious trees found in a heuristic search using maximum parsimony; numbers
above branches are the percentage of the trees in which the topology appears. Numbers below
branches are the posterior probabilities for that topology found through a Bayesian phylogenetic
analysis, using a mixed amino acid model. Ath5/ATOH7, Ath1/ATOH1, and atonal bHLH domains form
a clade that is strongly supported by both analyses. Among these bHLH domains, the relationship of
the Lp atonal bHLH domain (black arrow) to those of other atonal genes is unresolved, although there
is weak support that it may be more closely related to vertebrate Ath5 and atonal genes.

LIMULUS PAX6 AND ATONAL 2215
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with artificial seawater plus 100 U/ml
of penicillin (Sigma) and 100 �g/ml of
streptomyocin (Sigma), to prevent mi-
croorganism growth that reduced via-
bility. Published embryo staging crite-
ria were used (Sekiguchi et al., 1982;
Harzsch et al., 2006). Stage 13–17 em-
bryos were dechorionated in 50%
bleach for 5 min, rinsed three times in
dH2O and fixed for 1 hr, rocking in a
50:50 mixture of 4% paraformalde-
hyde/phosphate buffered saline (PBS)
and heptane. The aqueous phase was
replaced with methanol and embryos
vigorously shaken in heptane–metha-
nol for 30 sec to rupture outer mem-
branes. Both heptane and methanol
were replaced with three changes of
fresh methanol and embryos stored in
methanol at �20°C. Older embryos
and trilobite larvae were hand dis-
sected from outer membranes and
processed as younger embryos minus
dechorionation.

Molecular Cloning

A previously published PCR strategy
(Arendt et al., 2002) was used to am-
plify Pax6 conserved domains from
mixed stage Limulus (Lp) cDNA. The
remainder of the Pax6 coding region
was isolated by means of 5� and 3�
RACE (rapid amplification of cDNA
ends). Lp atonal bHLH domains were
PCR amplified from genomic DNA,
with degenerate primers (Brown et
al., 1998) and 40 cycles of 95°C � 30
sec, 60°C � 60 sec, 68°C � 2 min.
Three highly related bHLH domains
were found. Primers for RACE cloning
were designed from the most fre-
quently isolated bHLH domain. 5� and
3� RACE for Lp Pax6 and Lp atonal
used the SMART RACE cloning kit
and protocol (BD/Invitrogen) and
mixed embryo cDNA templates. Pax6:
5�RACE 5�-TAGAGCAACTGGCGAT-
GATGTCGGAGG-3�; 3�RACE 5�-CAG-
GAGTGTCCTTCCGTATTTGCCT GG-
3�; atonal: 3�RACE 5�-CCGTGAAC-
GAAGCCGAAGCACAGTC-3� gene-spe-
cific primers were used. Multiple
products from each RACE experiment
were DNA sequenced and analyzed
with MacVector (v9.0) and Assem-
blyLIGN (v1.1, Accelrys) computer pro-
grams. GenBank accession number
for Lp atonal is EU673469. The Gen-
Bank accession numbers for Lp Pax6
are: EU673470 Pax6 mRNA predicted

Fig. 6. Embryonic expression of Limulus Pax6 and Atonal mRNA. A: Reverse transcriptase-
polymerase chain reaction (RT-PCR) for Lp Pax6 and Lp Atonal indicating both genes are ex-
pressed throughout embryogenesis to hatching at late st 20. All PCR and RT controls exhibited little
to no background amplification. B–I: In situ hybridization for Lp Pax6 antisense (AS) and sense
probes, with all panels showing ventral views. B–E: St 17 embryos with Lp Pax6 mRNA expression
in the forming brain (white arrows) and ventral nerve cord (black arrows), compared with sense
controls. F,G: St 19 embryo with discrete brain (white arrow) and clustered ventral nerve cord (black
arrows) expression domains. H,I: St 20 embryo with brain lobe (white arrows) and clustered ventral
nerve cord expression (black arrows). Asterisks in all panels label forming appendages that are
nonspecifically stained in both antisense and sense probed embryos. Embryo staging followed
Harzsch et al. (2006). Scale bar � 500 �m in B.

2216 BLACKBURN ET AL.
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to encode the predominant isoform;
EU673471 Pax6 mRNA predicted to en-
code alternate isoform; EU673472 Pax6
5� RACE clone 2-6,12; Pax6 EU673473
5� RACE clone 7; EU673474 Pax6 5�
RACE clone 1,8,9; EU673475 Pax6 5�
RACE clone 10; and EU673476 Pax6
5�RACE clone 11.

Genomic Southern Blots

Lp genomic DNA was isolated from six
juvenile crabs. Nylon blots (Pall Corp.)
containing 5 �g of digested, trans-
ferred and immobilized genomic
DNA were prehybridized in 50% for-
mamide, 6� standard saline citrate
(SSC), 5� Denhardt’s, 0.5% sodium
dodecyl sulfate (SDS), 100 �g/ml
herring sperm DNA (Sigma) at 42°C,
and then hybridized at either 37°C
or 42°C (Glaser et al., 1992). A total
of 1–2 � 107 CPM of each gel purified

and 32P-labeled cDNA probe was
added to 10 ml of hybridization
buffer (40% formamide, 4� SSC,
0.8� Denhardt’s, 10% dextran sul-
phate [American Bioanalytical], 7
mM Tris (pH7.4), 100 �g/ml herring
sperm DNA). Blots were washed at
high (3 times in 2�SSC/0.2%SDS at
55°C, twice in 0.2�SSC/0.2%SDS at
65°C) or low (2 times in 2�SSC/
0.2%SDS at 50°C, twice in the same
buffer at 55°C) stringency and ex-
posed to X-ray film.

Phylogenetic Analysis

A heuristic search using maximum
parsimony in PAUP (v 4.0b10, Altivec)
and a Bayesian analysis using Mr-
Bayes (v 3.0b4) were performed for
both a matrix of Pax6 and related
paired domains and a matrix of atonal
and related bHLH domains. Amino

acid sequences were downloaded from
GenBank in FASTA format and
aligned using CLUSTALX. For paired
domain analyses, the dataset was de-
fined as 139 amino acids comprising
the paired domain and homeodomain
in Pax6, Drosophila eyeless (ey) and
twin of eyeless (toy), with human and
rat Pax4 included as outgroups. For
atonal bHLH analyses, the data set
was limited to 70 amino acids that
comprise the bHLH domain in atonal
homologues and six achaete-scute ho-
mologues included as an outgroup. In
the Bayesian analyses, the prior prob-
ability model for the amino acid rate
matrix was set to mixed, allowing the
analysis to sample a range of different
models for molecular evolution.
Bayesian analyses were conducted for
one million generations, with trees
sampled every 100 generations; sta-

Fig. 7. Limulus Pax6 and atonal are not expressed in developing eyes. A–C,F: Myosin III mRNA expression in the rudimentary lateral eye (black arrows in
A–C), early lateral ommatidial eyes (C�, C� show first ommatidial photoreceptors surrounded by crescent of rudimentary photoreceptors), rudimentary median
eye (ME; B,C,C��), and rudimentary ventral photoreceptors (arrows in F). The lateral sense organ (LO) is not involved in vision and does not express MyoIII
mRNA (A and data not shown). D,E: Anti-Myo III antibody labels the embryonic rudimentary lateral eye (arrow in D), median eye (E), and more weakly the LO
(D). F: High magnification of ventral photoreceptors (arrows) expressing MyoIII mRNA. G,H: Anti-MyoIII (G) and Anti-Visual Arrestin (VAR) staining of ventral
photoreceptors (arrows) at approximately the same age as in F. These antibodies also label forming optic nerves innervating the brain from the rudimentary
lateral (LON) and median (MON) eyes. I,J: Lp Atonal expression in the LO but not rudimentary lateral eye (black arrows point to eye). Insets show higher
magnification of LO. K,L: Throughout ages when MyoIII mRNA and protein are expressed in rudimentary eyes or forming lateral ommatidial eyes, Pax6 mRNA
is observed in the LO but is absent from these eyes (arrow points to rudimentary lateral eye). Panels A,D,I,J and K are lateral; B and E frontal; C and L are
top-down dorsal; and F–H are ventral views. Scale bars � 500 �m in A,C; inset magnification is an additional 400�.
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tionarity was obtained after approxi-
mately 10,000 generations, thus the
first 100 trees were discarded as bur-
nin.

RT-PCR

Total RNA was isolated from � 100
embryos stage 0–12, and at least 50
embryos for the older age groups,
These RNAs were pretreated with
DNase before reverse transcription
into cDNA. PCR parameters were 40
cycles of 95°C � 30 sec, 60°C � 60 sec,
68°C � 2 min with primers PAX6FOR
5�-TAGCACCACCTAACGGACGACT-
TC-3�, PAX6REV 5�-CACCTGGAGAA-
ATGACACCTGC-3�; or ATOFOR
5�-CGTGAACGAAGCCGAATGCAC-
AGTCT-3�, ATOREV 5�-TGTAAAT-
GAGGCTTTCCCACATGTATT-3�.

In Situ Hybridization and
Immunohistochemistry

Lp Pax6 and atonal antisense and
sense cRNA digoxigenin-labeled ribo-
probes contained coding plus 3�UTR
nucleotide sequences. A MyoIII anti-
sense riboprobe was synthesized from
a full-length cDNA clone (Accession
no. AF062069). Several modifications
were made to a whole mount in situ
protocol (Hargrave and Koopman,
2000). After rehydration into PBS/0.1%
Triton X-100, (PBTX) embryos �
stage 18 were incubated overnight at
room temperature in a 1:50 dilution of
5 U/�l chitinase (Sigma) in DEPC-
dH2O, to remove a nearly invisible
chitin cuticle. Then embryos were
washed in PBTX and proteinase K di-
gested. After refixation, but before
prehybridization, embryos and larvae
were heated to 75°C for 30 min to
quench endogenous alkaline phospha-
tase. Nonspecific background was low-
ered by preincubating a 1:500 dilution
of sheep anti-digoxigenin antibody
(Roche) in 50 mM Tris (pH 7.5), 150
mM NaCl, 0.1% Triton X-100, 10%
Sheep serum (Sigma), 2% BSA, 0.2%
sodium azide (Sigma) plus 1 mg of
horseshoe crab protein powder, by
means of rocking at 4°C for �4 hr.
Powder was removed by brief centrif-
ugation, and the antibody used at
1:2,000. Crab powder was made by
cold acetone extraction of homoge-
nized juvenile Lp soft body parts. Anti
MyoIII (1:1,000) or Anti-Arrestin

(VAR, 1:50) antibody labeling of Lp
embryos used published protocols
(Davis et al., 2001; Harzsch et al.,
2006) and HRP color development.
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