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ABSTRACT The Pax-6 gene encodes a transcription fac-
tor containing both a paired and a homeodomain and is highly
conserved among Metazoa. In both vertebrates and inverte-
brates, Pax-6 is required for eye morphogenesis, development
of parts of the central nervous system, and, in some phyla, for
the development of olfactory sense organs. Ectopic expression
of Pax-6 from insects, mammals, cephalopods, and ascidians
induces ectopic eyes in Drosophila, suggesting that Pax-6 may
be a universal master control gene for eye morphogenesis.
Platyhelminthes are an ancient phylum, originating from the
base of spiralian protostomes, that bear primitive eyes, con-
sisting of a group of rhabdomeric photoreceptor cells enclosed
in a cup of pigment cells. The analysis of Pax-6 and its
expression pattern should provide insights into the ancestral
function of Pax-6 in eye morphogenesis. We have identified the
Pax-6 gene of the planarian Dugesia(G)tigrina (Platyhel-
minthes; Turbellaria; Tricladida). This gene shares signifi-
cant sequence identity and conserved genomic organization
with Pax-6 proteins from other phyla. Phylogenetic analysis
indicates that it clusters with the other Pax-6 genes, but in the
most basal position. DtPax-6 is expressed as a single tran-
script in both regenerating and fully grown eyes, and electron
microscopy studies show strong expression in the perykarion
of both photoreceptor and pigment cells. Very low levels of
expression also are detectable in other body regions. Because
a bona fide Pax-6 homolog so far has not been detected in
diploblastic animals, we speculate that Pax-6 may be typical
for triploblasts and that the appearance of additional Pax
genes may have coincided with increasingly complex body
plans.

Developmental mechanisms in species from various animal
phyla display profound similarities, suggesting that they were
already in place very early in the evolutionary history of
metazoans (1). These observations have led to the description
of a common molecular ancestor (2). However, the different
body plans observed today are the likely product of alterations
in developmental pathways accumulated during evolution. It is
therefore equally important to elucidate the differences in
developmental pathways. Some of the best-studied cases of
conservation relate to transcription factors. A special group of
developmental regulators is the Pax gene family of transcrip-
tion factors. Characteristic for this family is the presence of the
128-aa-long, conserved DNA-binding motif, the paired do-
main (3). Pax genes originally were described in Drosophila and
since have been identified in a large variety of triploblastic
animals (4) and, more recently, in the diploblastic phylum
Cnidaria (5, 6).
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In addition to the paired domain, some Pax genes encode
a conserved octapeptide C-terminal to the paired domain
and/or a partial or complete homeodomain (7). Pax-6 is one
of the Pax genes that has a complete homeodomain. It was
identified originally in humans and mouse (8, 9). Since then,
Pax-6 was identified in a number of vertebrates and in a
variety of invertebrates, including Drosophila (10), the as-
cidian Phallusia mammillata (11), the sea urchin Paracen-
trotus lividus (12), the cephalopod Loligo opalescens (13), the
nemertean Lineus sanguineus (14), the nematode Caenorhab-
ditis elegans (15, 16), and the cephalochordate Branchios-
toma floridae (17). Sequence comparison of all these genes
with the vertebrate genes shows striking conservation in
their DNA-binding domains. Their genomic organization,
domain sequences, and function are highly conserved in the
Pax-6 homologs analyzed so far in the animal kingdom (4).
Expression studies in animals of different phyla reveal
conserved expression in the central nervous system, the
developing eye, and in other cephalic organs. The induction
of supernumerary eyes in Drosophila by ectopic expression in
imaginal discs of Pax-6 genes of Drosophila, mouse, ascidian,
and squid indicate that the Pax-6 dependent eye develop-
mental pathway is well conserved and may have a common
evolutionary (monophyletic) origin (18-21).

Very recently, Pax genes also were identified in several
Cnidarians, including the sea nettle Chrysaora quinquecirrha
and the hydra Hydra littoralis (5), the coral Acropora millepora
(6), and the hydromedusa Podocoryne carnea (H. Groger, P.C.,
W.J.G., and V. Schmid, unpublished observations). Although
Pax genes with an octapeptide and complete homeodomain
were identified (5), and some relationship with Pax-6 was
demonstrated, no unambiguous Pax-6 gene was identified. This
observation raises the possibility that authentic Pax-6 genes are
part of the evolutionary history of triploblastic animals and
that the appearance of additional Pax genes in triploblastic
animals may have contributed to the increase in body plan
complexity.

In this study we mainly address the following questions. Do
animals at the base of the triploblastic phylogenetic tree have
real Pax-6 genes or rather do they have a gene more like Pax-B
(5)? Is this putative Pax-6 gene expressed in the eye, and, if so,
is the expression pattern restricted to accessory cells or is it also
seen in photoreceptor cells?
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Planarians originally were considered the stereotypical rep-
resentatives of the simplest organism in the tree of life,
possessing three tissue layers (triploblastic), bilateral symme-
try, cephalization, and complex organ systems. However, more
recent data, including molecular analyses of 18S ribosomal
RNA and homeobox genes, resulted in the inclusion of pla-
narians in the lophotrochozoa protostomia clade (22-25).
Planarians can be considered simplified organisms by progen-
esis (26). Nevertheless, planarians are at the base of the
lophotrochozoa clade and, as such, are a suitable model with
which to study evolutionary questions. Planarians have been
studied in great detail for their regenerative abilities, but their
development is extremely modified (27) or absent, as in the
species of this study, Dugesia(G)tigrina, which reproduces
exclusively by asexual fission. The eye spots of planarians
consist of two cell types—a bipolar nerve cell with a rhab-
domere as a photoreceptive structure and a cup-shaped struc-
ture composed of pigmented cells (28)—and represent one of
the most ancestral and simple types of visual systems. The
turnover of the eyes is supported by the differentiation of
undifferentiated and totipotent cells (neoblasts) present in the
adult. In the early stages of regeneration the primitive pig-
mented cells originate from the blastema (regenerative mes-
enchymal tissue) close to the primitive visual cells derived from
nerve cells from the regenerated cephalic ganglia. This mixture
of cells then is rearranged, each cell moves to its respective
position, and a normal eye spot is formed (29).

We report the identification of a Pax-6 gene from the
planarian Dugesia(G)tigrina (DtPax-6). The high degree of
amino acid sequence identity in the paired and homeodomain
and the conservation of the genomic organization suggest that
DtPax-6 is orthologous to known vertebrate and invertebrate
Pax-6 genes. The expression of DtPax-6 in intact and regen-
erating planarians suggests a putative role in development and
maintenance of the eye. Furthermore, the positioning of the
planarians at the base of the protostomes may also indicate that
the ancestors of protostomes and deuterostomes already pos-
sessed a Pax-6 gene active in eye development.

MATERIALS AND METHODS

Species. The planarians used in this study belong to an
asexual race (class A; ref. 30) of the species Dugesia (G) tigrina
(Girard), and specimens were collected near Barcelona. They
were maintained in spring water. Two-week-starved organisms
were used in all experiments. Planarians, 9-10 mm long, were
cut postpharyngeally according to Salé and Bagufia (31) and
left regenerating in Petri dishes with spring water in the dark
at 17°C.

Isolation of the DtPax-6 Gene. A Pax-6 fragment was
amplified by PCR from planarian genomic DNA with two
degenerate primers corresponding to the conserved residues
48-52 (GCVSK) and 99-103 (WEIRD) of the paired domain
as described in ref. 14. A nonamplified planarian genomic
library in A FixII was screened with the 162-bp amplified Pax-6
fragment based on ref. 32. Two phages of 17 kb were isolated,
both containing the 5’ and partial coding region of the
planarian Pax-6 gene. The cDNA DtPax-6 ends were amplified
by rapid amplification of cDNA ends by PCR (RACE-PCR)
using the Amplifinder TM RACE (CLONTECH) kit with
RNA obtained as described in ref. 33. Amplified fragments
were cloned in pBluescript (Stratagene), and the sequence was
determined by dideoxy sequencing with the ABI Prism kit
(Perkin—Elmer).

Phylogenetic Analysis of the Pax-6 Paired Domains and
Homeodomains. The phylogenetic trees of Pax paired and
homeodomain sequences were inferred by using the MEGA
software (34). The Poisson-correction distance of protein
sequences was used for the evolutionary distances, and the
neighbor-joining method was used for tree construction. The
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paired-domain sequences and homeodomain sequences were
asused in ref. 5 except for the sea urchin sequences Su-Pax 258,
Su-Pax B, Su-Pax Bl1, and C. elegans 258 (35).

Reverse Transcription—-PCR (RT-PCR) and Northern Blot.
One microgram of total RNA was denatured in the presence
of random hexamers and incubated with Moloney murine
leukemia virus-reverse transcriptase (Promega) at 42°C for 1 h.
Of the ¢cDNA reaction mixture, 1/25 was used for the PCR
with specific primers. HB-F and HB-R primers, respectively,
covered cDNA positions 1226-1250 and 1363-1387 (residues
5-12 and 50-58 of the homeodomain). PCR cycles were
performed as follows: 5 min at 94°C, 30 cycles (30 sec at 94°C;
30 sec at 60°C; 30 sec at 72°C), and 2 min at 72°C. The presence
of a 45-bp intron in the amplified sequence allowed us to
distinguish cDNA from genomic amplification. As an internal
control we coamplified Dth-2 transcripts, which are homoge-
neously distributed along the planarian anteroposterior axis
(32). Dth-2 primers covered cDNA positions 376-400 (exon 1)
and 817-841 (exon 3), respectively.

Northern blot analyses were performed by standard proce-
dures (36).

In Situ Hybridization. In situ hybridizations were carried out
in frozen or paraffin sections with 3>S riboprobes basically
according to ref. 32. Electron microscopy in situ hybridization
was performed over ultrathin sections from Lowicryl K4M
embedded samples (37). Immunocytochemical detection of
digoxigenin was performed with antidigoxigenin antibody
conjugated to gold particles that were 10 nm in diameter
(Boehringer Mannheim).

RESULTS

Isolation and Sequence Comparison of D¢tPax-6 with Other
Pax Genes. Initial isolation and partial characterization of a
planarian Pax-6 homolog was achieved with PCR amplification
of genomic DNA with two sets of degenerate oligonucleotides
(11) and subsequent screening of a genomic library. A com-
plete cDNA of 2124 bp was identified by RACE-PCR of both
ends. The ORF encodes 577 aa, with two regions of high
sequence conservation in the deduced protein, the paired
domain, and the homeodomain. Comparison with Pax-6 se-
quences of other species (Fig. 1) shows the lowest identity
described to date with values between 72-79% and 72-75% in
the paired domain and homeodomain, respectively. However,
some of the characteristic residues of family VI and the
conserved residues that define their DNA-binding specificity
positions 42, 44, and 47 of the paired domain are present in
DtPax-6. No other region of similarity was observed, even in
the linker region, where the presence of a conserved motif of
11 aa was described (4). The flanking regions of the home-
odomain show the lowest similarity. The C-terminal region
comprises 193 aa rich in serine (13%), asparagine (12%),
proline (7%), and threonine (5.5%). Thirty percent of these
serines and other less frequent residues scattered throughout
the sequence also are present in the same position of the
Drosophila Pax-6 homolog eyeless.

Phylogenetic trees were constructed for paired and home-
odomain sequences. The clustering of DtPax-6 with the other
Pax-6 genes is supported by a high bootstrap value. Similar
results were obtained for paired domain and homeodomain
sequences (Fig. 2).

DtPax-6 Genomic Organization. The genomic organization
was determined by partial sequencing of a genomic 2.6-kb Xbal
fragment from the A FixII phages and genomic PCRs with
specific oligos close to the putative splicing sites. The paired
box has two introns located in the first codon and between
codons 116 and 117, as is the case in several vertebrates and
invertebrates. The DtPax-6 paired box does not contain addi-
tional introns. Additional introns have been described for
vertebrates (a third intron position between codons 44 and 45),
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Fic. 1. Alignments of the amino acid sequences of the paired domains (4) and homeodomains (B) of Pax-6 homologs of some vertebrates and
invertebrates. The secondary structure of the domains are shown along the top. The consensus sequence for all genes of the paired family are
compared with human PAX6 (Aniridia) and zebrafish as representatives for vertebrate sequences, Amphioxus Branchiostoma floridae (AmphiPax-6)
(17), Ascidian Phallusia mammillata (PmPax-6) (11), cephalopod Loligo opalescens (LoPax-6) (13), sea urchin Paracentrotus lividus (P1Pax-6) (12),
Drosophila (Ey) (10), nemertean Lineus sangineus (LsPax-6) (14), and the nematode C. elegans (vab-3) (15, 16). Solid arrowheads indicate the
position of intron—exon boundaries. Shaded bars indicate the Pax-6 specific amino acids (38). Percentages of sequence identity of the paired domains
and homeodomains were determined by comparison with human PAX6 and planarian Pax-6, respectively, and are indicated after the sequences.

for Drosophila and Phallusia (a specific third intron located at
codon 56), and for C. elegans with two new intron positions
(Fig. 1A). In the DtPax-6 homeodomain we observed a single,
small (45-nt) intron position at codon 19, though a second
intron at position 47, which is present in most metazoa
analyzed except eyeless of Drosophila (10), is absent in planar-
ian (Fig. 1B). The three conserved splice sites and the phylo-
genetic tree analysis identify DtPax-6 as a true Pax-6 homolog.

DtPax-6 Expression in Intact and Regenerating Adults.
Pax-6 expression in intact and regenerating planarians was
analyzed by Northern blotting and in situ hybridization. North-
ern blot analysis shows a unique 2.1-kb transcript in adults and
in regenerative stages without any evidence for differential
splicing (Fig. 34). Regional RT-PCR with specific primers of
DtPax-6 that surround one intron position to distinguish DNA
from RNA amplification demonstrates the presence of
DtPax-6 transcripts along the entire planarian body axis at low
concentrations (Fig. 3B). DtPax-6 spatial expression was de-
termined on sagittal and transversal paraffin sections of adult
intact and regenerating planarians. In adults, DtPax-6 was
expressed continuously and uniformly all over the eye (Fig. 4
A-D). In situ electron microscopy showed the distribution of
DtPax-6 transcript in the perykarion of pigment cells and the
endoplasmic reticulum of photoreceptor cells (Fig. 4 E-H),
while the rhabdomeric region of the photoreceptor cells is
negative (Fig. 4F). No expression was detected in other organs
such as cephalic ganglia or lateral sense organs (auricula),
although it is possible that weak DtPax-6 expression in these

regions would not be detected by in situ hybridization. During
the early stages of head regeneration, DtPax-6 expression was
detected in a group of pigmented cells close to the dorsal
epidermis (Fig. 4 I and J), which constitutes the earliest visible
sign of eye regeneration. This early expression in the eye
primordia was maintained throughout regeneration (Fig. 4 K
and L).

DISCUSSION

The planarian Dugesia(G)tigrina has a bona fide Pax-6 gene.
The phylogenetic analysis shows clustering of DtPax-6 with the
other Pax-6 genes with a very high probability. This notion is
corroborated further by the conservation of specific residues
and several intron positions, two in the paired and one in the
homeodomain, allowing it to be considered as a Pax-6 or-
tholog. Nevertheless, this gene has the lowest degree of
sequence identity when compared with the other Pax-6 se-
quences. Sequence identity essentially is confined to the
DNA-binding domains where most of the Pax-6 specific resi-
dues are conserved. No additional sequence homology was
found in the linker region between the two domains and in the
carboxyl-terminal region. Only a short stretch of amino acids
with sequence similarity can be observed N-terminal to the
homeodomain. This low degree of sequence conservation may
well correlate with the basal position of planarians in the
lophotrochozoa (spiralian) protostome clade. The observation
that a true Pax-6 homolog is present in planarians but has not
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FiG. 3. DtPax-6 expression in Dugesia(G)tigrina. (A) Northern
blot: 10 pg of poly(A)* from intact adults (lane 1) and 7-day-
regenerating (lane 2) planarians hybridized at high stringency condi-
tions with 0.55-kb DtPax-6 3' cDNA fragment. A single band of 2.1 kb
was observed in both lanes. Blots were rehybridized with a Drosophila
5C actin gene probe (39) to control for levels of RNA loaded. The
transcript size and the positions of 23S and 16S RNAs are indicated.
(B) Adult planarian DtPax-6 gene expression at different anteropos-
terior (1-10) regions deduced by RT-PCR amplification using specific
oligonucleotides from exons 3 and 4 from the DtPax-6 cDNA sequence
(positions 1226-1250 and 1363-1387, respectively) that produce a
fragment of 162 nt. As an internal control, we used in the same
amplification two new sets of specific oligonucleotides from the Dth-2
cDNA sequence [positions 376-400 and 817-841 (32), respectively]
that produce a control fragment of 465 nt. Lane M, 100-bp ladder
(Pharmacia) molecular size marker. Lane C, non-retro-transcribed
planarian total RNA as a control.

been identified in diploblastic animals suggests that Pax-6
might be typical for triploblasts, and the appearance of addi-
tional Pax genes may have coincided with the appearance of
increasingly complex body plans.

The second question we wanted to address in this study
relates to the role of Pax-6 in eye development. Planarian
DtPax-6 is expressed continuously in the adult eyes. Initial
expression also coincides with the first signs of eye differen-
tiation during cephalic regeneration. The expression of devel-
opmental regulatory genes in adults is usual in Dugesia(G)ti-
grina (25, 26, 32, 40), since planarians show great morpholog-
ical plasticity because of the presence throughout their life of
an undifferentiated totipotent cell type, the neoblast. Regu-
latory genes are expressed continuously in association with cell
turnover and change of proportions in the continuous growth
and degrowth or regeneration processes. This is also the case
for DtPax-6 as an important regulator in eye development and
regeneration in Dugesia. A similar association of continued
Pax-6 expression with regeneration capacity has been de-
scribed for the urodele eye (41). Urodele Pax-6 is expressed in
all stages of lens regeneration, while in the intact eye Pax-6
expression is still detected in the lens, neural retina, and
pigment epithelium. In amphibians that lose the capacity to
regenerate lens, such as the axolotl, Pax-6 is expressed during
development, declines in larval stages, and is repressed in
adults (41). Therefore, our results suggest that Pax-6 expres-

FiG. 2. Phylogenetic trees of Pax gene paired domains (4) and
homeodomains (B). The planarian DtPax-6 paired domains and
homeodomains clearly cluster with other Pax-6 genes. Human Pax
genes: PAX1, 2, 3,5, 6 (Aniridia), 7, 8, 9; mouse Pax gene: Pax-4; quail
Pax gene: Pax-QNR; zebrafish Pax genes: Pax[zf-a], [zf-b], zf-9; sea
urchin (Paracentrotus lividus) Pax genes: Su-Pax B, B1, 6, 258; Halo-
cynthia roretzi Pax genes: HrPax-37, 6, 258; Amphioxus Pax genes:
Amphi-Paxl, 2, 6; Loligo opalescens Pax gene: Lo-Pax6; Drosophila Pax
genes: sparkling, eyeless, poxneuro, poxmeso, paired, gooseberry
neuro, gooseberry; C. elegans Pax genes: C. elegans 258, vab-3; Lineus
sanguineus Pax gene: Ls-Pax6; Dugesia(G)tigrina Pax gene: Dt-Pax6;
seanettle Pax genes: seanettle A, B; Hydra Pax genes: Hydra A, B;
Acropora millepora Pax genes: Pax-Aam, Pax-Cam.
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F1G. 4. DtPax-6 expression in intact and regenerating planarian
adults by in situ hybridization. (4-H) Intact organisms. ( and J) Seven
days of regeneration. (K and L) Fourteen days of regeneration. In situ
hybridizations were performed in paraffin sections with 33S-labeled
RNA antisense (4, C, I-L) and sense (B and D) or by electron
microscopy with digoxigenin-labeled RNA antisense (E-G) and sense
(H). A and B are transversal sections. C, D, and I-L are sagittal
sections; dorsal is in the top and ventral is in the bottom; anterior is
to the left and posterior is to the right. A-D, I, and K are dark-field
views; J and L are bright-field views. (4 and C) Dark-field view of
transversal and sagittal paraffin sections at the eye level of an intact
planarian. The dorsal position of the eyes is easily observable by the
presence of pigmented cells. Clear homogeneous expression can be
observed exclusively in the whole eye spot. (B and D) Similar head
sections hybridized with a sense probe. Note the absence of silver
grains in the eye and the artifactual grains surrounding the pigment
cells because of the pigment granules that are refractile in dark-field.
(E) Electron microscopy in situ hybridization of the perikaryon of a
photoreceptor cell with gold particles (arrows), indicating the presence
of Dt-Pax6 transcript in the endoplasmic reticulum. (F) No staining is
visible in the rhabdomeric region of the photoreceptor cell. (G)
Electron microscopy in situ hybridization of the eye pigmented cell
with positive gold particles (arrows), indicating the presence of Dr-
Pax-6 transcript in the cytoplasmic region in between the pigment
granules. (H) No staining is visible with the sense probe in the eye
pigmented cell cytoplasm. (I and J) Dark- and bright-field sagittal
section of 7-day head-regenerating planarians. DtPax-6 expression
already was observed when the first sign of eye pigment cell differ-
entiation appears at 7 days and is maintained throughout regeneration.
(K and L) Fourteen days of regeneration. n, nucleus; nm, nuclear
envelope; er, endoplasmic reticulum; p, pigment granules; rh, rhab-
domeres.
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sion in adults could be related to the capacity to regenerate the
eyes. The RT-PCR amplification experiments show a distri-
bution of DtPax-6 along the anteroposterior axis, indicating
that, as in other organisms, DtPax-6 may be used for devel-
opmental processes in structures other than the eye.

Our attempts to induce ectopic eyes by expressing DtPax-6
in Drosophila have been unsuccessful. This is a negative result
and, therefore, difficult to interpret. However, the Pax-6 genes
from mouse, squid, and sea squirt, all of which show consid-
erably less sequence divergence, have been shown by the same
method to be capable of inducing ectopic eyes in Drosophila.
Therefore, we assume that the planarian gene has diverged too
much to be able to substitute functionally for the Drosophila
gene. Judging from the evolutionary analysis of 18S RNA (23),
it appears that Triclads evolve faster than other branches of the
Platyhelminthes. Therefore, the more slowly evolving marine
Polyclads may have a Pax-6 gene that is less diverged from that
of higher metazoa than the gene from freshwater planarians.

The observation that DtPax-6 is expressed both in the
pigment cells and in the photoreceptors provides further
evidence for an early and basic function of Pax-6 in eye
evolution. In contrast to higher animals whose Pax-6 is not
expressed in differentiated photoreceptor cells (42-44), we
demonstrate that DtPax-6 is also expressed in differentiated
photoreceptors, suggesting that it is also involved in the
maintenance of their differentiated state and in the regulation
of opsin genes that are essential for vision. Other genes such
as the Otx-related gene, Crx, have been shown to regulate
rhodopsin expression in mouse (45). This observation gives a
hint as to how increasingly complex eyes may have been built
during evolution. The insertion of other genes, including
regulatory genes, in the developmental cascade can lead to
alterations in structure and function of the eye with changes
advantageous to the organism being retained and disadvan-
tageous alterations being selected against.
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