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Abstract Snail genes have been found to play arole in
mesoderm formation in two of the three clades of bilateri-
ans, deuterostomes (comprising the chordates) and ec-
dysozoans (comprising the arthropods). No clear data are
available on the role these genes play in development of
the mesoderm in the third clade, that of lophotrochozoans
(comprising annelids and molluscs). We identified two
new members of the snail gene family in the gastropod
mollusc Patella vulgata. Phylogenetic analysis showed
that the two genes clearly belong to the snail sub-family.
Their expression patterns do not indicate a role during
early mesoderm formation. In fact, contrary to expecta-
tions, the snail genes of Patella were mostly expressed in
the ectoderm. In view of the location of their expression
sites, we suggest that these genes could be involved in
regulating epithelial-mesenchymal transitions (EMT) and
cell motility, as has recently been demonstrated for snail
genes in vertebrates. This may well correspond to the an-
cestral function of these genes. The results are discussed
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Introduction

Existence of a third germ layer, the mesoderm, is a
characteristic of all bilateraly symmetrica animals
(Bilateria). However, on a purely descriptive basis, pro-
tostomes and deuterostomes appear to specify their
mesoderm during early development through quite dif-
ferent mechanisms. This raises the question of mesoderm
homology across Bilateria.

Recent molecular phylogenies (Halanych et a. 1995;
Aguinaldo et a. 1997), as well as a re-analysis of mor-
phological characters (Peterson and Eernisse 2001), have
shown that bilaterians are subdivided into three major
clades. one deuterostome clade and two protostome
clades, the ecdysozoans and the lophotrochozoans (for a
review see Adoutte et al. 2000). Of the three clades, only
deuterostomes and ecdysozoans have been subjected
to intensive molecular embryological investigations. We
have set out to analyse the molecular mechanisms under-
lying mesoderm specification in the third clade, the
lophotrochozoans. We focussed on the mollusc Patella
vulgata since there is a wealth of descriptive and experi-
mental embryological data about this genus (Verdonk
and van den Biggelaar 1983).

Our approach consisted of identifying genes known or
thought to be intimately involved in mesoderm specifica-
tion in model organisms, especially Drosophila melano-
gaster, and to study their time and pattern of expression
in early Patella embryogenesis. Here, we report the anal -
ysis of two Patella homologues of the snail gene, an ob-



vious candidate gene for the control of mesoderm forma-
tion.

The snail gene was first isolated as a zygotic lethal
mutation in the D. melanogaster embryo (Simpson 1983;
Nusslein-Volhard et a. 1984). In snail mutants, no or
very few mesodermal tissues are formed (Simpson 1983;
Grau et al. 1984). This gene encodes a zinc-finger tran-
scription factor (Boulay et al. 1987; Leptin 1991; Kasai
et a. 1992) that possesses a characteristic domain com-
posed of four canonical C-X,-C-X;,-H-X5-H motives
and one variant C-X,-C-X;,-H-X,-C motif in its amino
terminus, the so-called snail-box domain (Whiteley et al.
1992).

In Drosophila, snail is first expressed at gastrulation
in the presumptive mesoderm (Alberga et a. 1991;
Leptin 1991) where it mainly represses ventrolateral
neurogenic genes (Kosman et al. 1991; Leptin 1991;
Casal and Leptin 1996) but also participates in the regu-
lation of mesoderm-specific genes (Hemavathy et al.
1997). Later in development, snail is also dynamically
expressed in endodermal and ectodermal derivatives
(Alberga et al. 1991; Leptin 1991; Ip et al. 1994) and
thus its expression is not only restricted to mesoderm.

Subsequently, a role in mesoderm development for
members of the snail family has been found in other
arthropods (Sommer and Tautz 1994), in urochordates
(Corbo et a. 1997; Wada and Saiga 1999), in cephalo-
chordates (Langeland et al. 1998) and in vertebrates
(Sargent and Bennett 1990; Nieto et a. 1992, 1994;
Smith et al. 1992; Mayor et al. 1993; Thisse et a. 1993,
1995; Hammerschmidt and Nusslein-Volhard 1993). In
the short-germ-band insect Tribolium castaneum, snail
expression is very similar to that observed in Drosophila
(Sommer and Tautz 1994). In chordates, expression
was found in undifferentiated and migrating mesoderm
(Sargent and Bennett 1990; Smith et al. 1992; Nieto et
a. 1992; Mayor et al. 1993; Ros et al. 1997; Langeland
et al. 1998; Linker et a. 2000).

Recent years have highlighted the diversification of
the snail gene family, with the characterisation of multi-
ple members in several species, and two subfamilies, the
snail/slug and scratch subfamilies, have been identified
(Manzanares et al. 2001). In concert with this, suspected
additional roles for these genes have been confirmed.
One of these is arole for snail genes in nervous system
development in Drosophila (Ashraf et a. 1999; Cai et al.
2001) and vertebrates (Nakakura et al. 2001). In addi-
tion, in vertebrates, the slug and snail genes are also ex-
pressed in migrating neural crest cells and neural crest
derivatives (Nieto et al. 1994; Mayor et al. 1995; Linker
et al. 2000). Moreover, recent molecular analysis at the
cellular level demonstrated that the snail genes control
epithelial mesenchymal transitions (EMT) by repressing
E-cadherin expression (Batlle et a. 2000; Cano et al.
2000).

Thus, athough a role in early mesoderm formation
among Bilateria seems to be a common aspect of snail
genes, other functions, related to CNS development and
morphogenetic movements, might also belong to the
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ancestral roles of this family. In order to better resolve
this issue, we need to study the expression of the snail-
related genes in the third metazoan group, namely the
lophotrochozoans. Up to date, this has only been done in
the annelid leech Helobdella robusta. There, the snail
gene was found to be widely expressed in precursor cells
of both the ectoderm and mesoderm, making a role in
mesoderm specification unlikely, and leaving open what
the function of this gene in leech development might be
(Goldstein et al. 2001).

Here, we present data on the characterisation of
two new snail-related genes from the gastropod mollusc
P. vulgata. We cloned both genes, examined their se-
guence and analysed their spatio-temporal expression
patterns during the early stages of development through
whole-mount in situ hybridisation. Their expression pat-
terns cause speculation about the ancestral function of
the snail gene in the Bilateria. Where a mesodermal
precursor function was previously suggested for this
gene, the results presented here do not fit with this idea
and instead suggest that the ancestral function of snail
genes is probably related to EMT and neural specifica-
tion.

Materials and methods
PCR amplification

PCR with degenerate primers SnalW (GAAGATCTGGNGCN-
YTNAARATGCAYAT) and Sna4C (GAAGATCTRTGNGCNCK-
NARRTTNSWNCKRTC) was performed as follows: 50 ng sperm
DNA from one individual were used as a template in a 30-pl fina
volume reaction with 1 pM each primer, 10 uM dNTP and 0.1 unit
Taq polymerase with provided 1x buffer (Appligene). The PCR
program was. 5 cycles [50 s at 94°C, 1 min at 55°C (switch to
72°C by an increase of 1°C every 9 ), 2 min at 72°C], followed
by 30 cycles (50 s at 94°C, 1 min 30 s a 55°C, 1 min at 72°), and
afinal extension for 10 min at 72°C. Specificity of this first ampli-
fication was controlled in the same conditions by a nested PCR
using primers Sna2W (GAAGATCTAARGCNTTYWSNMGNC-
CNTGG) and Sna3C (GAAGATCTRAANGGYTTYTCNCCNG-
TRTG) with the following program: 30 cycles (50 sat 94°C, 1 min
30 s at 55°C, 1 min at 72°C) and a final extension for 10 min at
72°C. Amplified fragments were cloned in TOPO-TA vector (Invi-
trogen).

cDNA and genomic library screening

Library construction has been described previously (van Loon
et al. 1993). cDNA and genomic libraries were screened according
to Sambrook et al. (1989). We screened 106 plagques for the cDNA
library and 2x105 plaques for the genomic library.

Subcloning of the Pv-Snha2 genomic clone by PCR

The genomic clone was sub-cloned by long range PCR according
to the manufacturer’s protocol (Pharmacia) with the following
program: 1 min at 94°C, 35 cycles (45 s at 94°C, 45 s at 60°C,
10 min at 68°C). We used Nrl (TAAAAGCAGAAGTCCAACCC-
AGATAACGAT) as a vector-specific primer and Nslong (AGCT-
TTACCGCATAATTTACACTTACAGG) as a Patella snail-box-
specific primer. The amplified fragment was cloned in TOPO-TA
vector (Invitrogen).
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3 RACE on plasmid library

From the cDNA library, plasmids were prepared by mass-excision
according to the Stratagene protocol. To obtain the 3' part of the
Pv-sna2 gene, 1 ng of these plasmids was used in a PCR with a
vector-specific primer pBS-E (TAACGCCAGGGTTTTCCCAGT)
directed at the 3' side of the insert and a primer Forwl (AA-
GAACTCACACATTACCCTGT) specific for the 196-bp snail-
like fragment. PCR conditions were: 10 mM TrissHCl pH 9.0,
3.0 mM MgCl,, 50 mM KClI, 0.1% Triton X-100 and 0.01% (w/v)
gelatin, 0.2 mM dNTPs (Amersham Pharmacia Biotech), 0.24 uM
each primer and 0.005 units/ul SuperTag (HT Biotechnology),
with cycle parameters 3 min at 94°C; 20 cycles touchdown: 45 s at
94°C, 30 sat 72°C with a 1°C drop of temperature every other cy-
cle, 1 min 30 s at 72°C; followed by 20 cycles 30 s at 94°C, 30 s
at 62°C, 1 min 30 s at 72°C and a final extension for 10 min at
72°C. Nested PCR was done on the fragments of the first PCR by
(following gel-electrophoresis) taking up part of the band with a
sterile wooden toothpick, eluting it in 5 pl water, 1 pl of which
was used as a template with the vector-specific primer T7
(GTAATACGACTCACTATAGGGC) and primer Forw2 (CTCG-
ACCTTGGTTATTACAAGG) under similar conditions with an-
nealing temperature starting at 64°C and ending at 54°C and ex-
tension of 3 min at 68°C. All resulting PCR fragments were isolat-
ed from gel using the Prep-a-gene kit (BioRad) and cloned into the
pGEMT-Easy vector (Promega).

Pv-Snha2 exon/intron boundaries

The exon/intron boundaries were confirmed by sequencing a
PCR fragment obtained from the cDNA library using primers T3
(AATTAACCCTCATAAAGGG) and Rev2 (AAGAAAATGGC-
TTCTCGCCAGT).

Fertilisation and embryo rearing

Adult animals were collected at the Roscoff marine station in Sep-
tember 1998, 1999 and 2000 and kept in natural seawater until the
end of the breeding season (March). Embryos were obtained as
described previously (van den Biggelaar 1977).

Embryo fixation and storage

Early stage embryos (until 24 hours post fertilisation, hpf) were de-
jellied by a brief treatment in millipore-filtered seawater (MPFSW)
acidified with HCI to pH 3.9 and washed in normal MPFSW. Se-
lected embryos were fixed in Eppendorf tubes for at least 1 h with
MEMPFA-T (0.1 M MOPS, pH 7.4, 2 mM EGTA, 1 mM MgSO,,
4% paraformaldehyde and 0.1% Tween-20) on a rotating wheel.
Embryos were progressively dehydrated with 5-min washes with
a gradual series of methanol/MEMPFA-T (25/75, 50/50, 75/25,
100/0) followed by a 15-min wash with 100% MeOH. At this point
embryos were stored at —20°C until further use.

Probe synthesis

Sense and anti-sense probes were synthesised from PCR product
using the Maxiscript T7 and SP6 RNA polymerase kit (Ambion)
and the Dig RNA labelling kit (Roche Molecular Biochemicals).
For the Pv-Snal probe, we used the complete cDNA sequence
(1.6 kb). For the Pv-Sna2 probe we only used a 1-kb PCR frag-
ment amplified by primers T3 and Rev2. This fragment corre-
sponds to the region between the SNAG motive and the Shail-box
(both included).

Whole-mount in situ hybridisation

The protocol used was modified after Houtzager (1998). All steps
were performed at room temperature unless indicated otherwise.

Embryos were progressively rehydrated in TBS-T (136 mM NaCl;
25 mM Tris, pH 7.4; 2.7 mM KCI and 0.1% Tween-20) by 5-min
successive washes in methanol/TBST (75/25, 50/50, 25/75,
0/100). Then they were treated with proteinase K (50 ng/ml;
Roche Molecular Biochemicals) in TBS-T for 20 min at 37°C.
Embryos were then successively incubated in 0.1 M triethanol-
amine (TEA, Merck) pH 7.0-8.0, TEA with 2.5 ul acetic anhy-
dride/ml (Baker Chemicals) and TEA with 5.0 pl acetic anhy-
dride/ml, followed by two washes for 5 min each in TBS-T. Em-
bryos were re-fixed for 20 min in MEMPFA-T, washed 5x 5 min
in TBS-T, washed for 10 min in 500 pl 50/50 TBS-T/hybridisation
buffer [HB: 750 mM NaCl, 75 mM Na citrate pH 7.0, 50% form-
amide, 100 pg/ml Torula RNA (Fluka), 1.5% blocking reagent
(Roche Molecular Biochemicals), 5 mM EDTA and 0.1% Tween-
20]. Prehybridisation was done in 100 ul HB in an Eppendorf tube
for 6 h at 65°C. One microlitre probe was added and hybridisation
was carried out overnight at 65°C.

The probe was removed by washes at 65°C in 50/50 HB/2x
SSC for 20 min, 25/75 HB/2x SSC for 20 min, 2x SSC for 30 min
and two washes in 0.2x SSC with 0.3% CHAPS (Sigma) for
30 min. Embryos were washed twice in MaNaT (100 mM maleic
acid/150 mM NaCl pH 7.5 and 0.1% Tween-20) for 10 min at
room temperature and then blocked for 1 h with blocking buffer
[BB: MaNaT containing 1% blocking reagent (Roche Molecular
Biochemicals)]. Antibody incubation was performed for 1 h in a
fresh solution of BB containing a 1:5,000 dilution of the affinity-
purified anti-digoxigenin antibody coupled to akaline phospha-
tase (Roche Molecular Biochemicals). This was followed by
extensive washing in MaNaT for 2x5 min and 6x15 min.

Embryos were washed with alkaline phosphatase buffer (APB:
100 mM Tris, pH 9.5, 50 mM MgCl,, 100 mM NaCl) after which
the embryos were stained in a fresh tube with APB containing
PVA (10% polyvinyl acohol, 100 kDa), 3.5 Wl NBT (nitro blue
tetrazolium; 75 mg/ml; Roche Molecular Biochemicals) and 3.5 pl
BCIP (5-bromo-4-chloro-3-indolylphosphate; 50 mg/ml; Roche
Molecular Biochemicals) per ml of buffer. After reaching an ade-
quate signal compared to the background, the reaction was
stopped by washing twice with TBS-T. Subsequently, the embryos
were refixed with MEMPFA-T for 20 min, washed twice with
TBS-T, once with 70% EtOH and stored in 70% EtOH at 4°C.

For photography, embryos were dehydrated with 2x5-min
washes in DMP (di-methoxy propane; Fluka) that was activated
with HCI (5 pl 20 N HCl — 37% — per 10 ml DMP), 2x5 min in
100% Histoclear (National Diagnostics) and mounted in Canada
balsam (BDH). Pictures were taken with an Olympus BX-50
microscope with DIC optics (Nomarski) on 50 ASA Fuji Velvia
films.

For a more accurate analysis of the expression pattern, some
embryos were embedded in paraffin, cut at 5 pm thickness, mount-
ed and photographed as described in Joly et al. (1997).

Results

Cloning of Pv-snal and Pv-sna2, two snail orthologues
in P. vulgata

PCR amplification with primers SnalwW and Sna4C
allowed us to isolate a 196-bp fragment (Fig. 1), that
was cloned in the appropriate vector (see Materials and
methods). Twenty clones from two independent PCR
amplifications were sequenced. All of them share the
same sequence which displayed 88.3% and 96.7% amino
acid sequence identity with the snail-box of the snail and
escargot genes of D. melanogaster. This PCR fragment
was used as a probe to screen a genomic library and a
16-h-old trochophore larva cDNA library from P. vul-
gata. From the cDNA library, we isolated a cDNA with a
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Fig. 1 Patella vulgata snail genes. Alignment of the deduced ami-
no acids sequences of the two Pv-sna genes. |dentities between res-
idues isindicated by a colon, and similarities by a point. Complete
cDNA sequences are available in GenBank under accession num-
bers AY 049727 (Pv-Snal) and AY 049791 (Pv-Sha2). Position of
the 2 kb intron in Pv-sna2 is indicated on the corresponding se-
quence by an arrow (partial genomic sequence for this gene is
available in GenBank under accession number AY 049790). The re-
pressor SNAG motive (Grimes et al. 1996) located at the amino
terminus of Pv-Sha2 is underlined. All zinc fingers (1, 11, I11, 1V, V)
of the “snail-box” are indicated by a dotted line on each sequence,
and the cystein and histidine residues essentia to the five zinc fin-
gers are highlighted in grey. The box indicates the area of high se-
quence identity at the nucleotide level. The region corresponding to
the 196-bp fragment amplified by PCR using primers SnalwW and
Sna4Cisin bold

1.6-kb fragment that possessed a 1,179-bp open reading
frame (ORF) surrounded by a 58-bp 5' untranslated re-
gion (UTR) and a 328-bp 3' UTR. This ORF coded for a
393-amino-acid (45.1 kDa) putative protein that pos-
sessed a classical 5 zinc finger snail-box (Fig. 1). We
caled it Pv-snal.

From the genomic library, a second snail gene was
isolated and was sub-cloned by a PCR approach (see
Materials and methods). This led us to isolate a 3.6-kb
fragment that possessed a 307-bp 5" UTR and a 1,104-bp
ORF interrupted by a 2-kb intron. The 3' part of the cod-
ing region, the exact intron/exon boundaries, and the 3'
UTR of this gene have been determined by PCR amplifi-

cation on the 16-h cDNA library (see Materials and
methods). This gave us afinal 1,332-bp ORF that coded
for a putative 444-amino-acid (50.4 kDa) protein, and
which also possessed a classical 5 zinc fingers snail-box.
It also possessed a SNAG repressor domain (Grimes
et al. 1996) which is not present in Pv-snal (Fig 1). This
gene was the second member of the snail-family identi-
fied in P. vulgata and was called Pv-sna2. Neither of
these two genes show the presence of a so-called scratch
or aslug domain (Manzanares et a. 2001).

Sequence comparison of the two Pv-sna genes

The two Pv-sna genes share 39.8% amino acid sequence
identity with 86% identity for the snail-box itself. The
sequence conservation outside of this putative DNA
binding site is not relevant as we tested it by a statistical
reshuffling alignment analysis using PRSS (Pearson
1997). Indeed, the reshuffled proteins produce a better
alignment score in the majority of the cases (145 times
on 200 tries). From this, we could easily conclude that
only the snail-box is conserved between these two pro-
teins. Surprisingly, we identified a 53-amino-acid frag-
ment inside the snail-box, which shared 100% identity
between the two proteins (Fig. 1). Moreover, this frag-
ment presents a 98.7% identity when we look at the nu-
cleotide level (2 silent substitutions on 159 nucleotides,
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Fig. 2 Maximum likelihood
tree of the snail family. To
perform our analysis, we used
the ProtML program in the

MOLPHY package (Adachi
and Hasegawa 1996) and chose
the JTT-F model for nuclear
proteins (Jones et al. 1992)
with local rearrangement of the
NJ tree obtained by PAUP
(Swofford 1998). Thistree has
an Ln L=-4227.01+-290.09
and the bootstrap probabilities
(RELL - BP, 10,000 replica-
tions; Hasegawa and Kishino

Hs SNAII
68 Hs SNAIIP

Tr Snal

100 Tr Sna2

Dir Snaill

-3 Dr Snail2

B
Gg Sna

L X1 Stug

1994) are indicated on each
node. Branches with BP lower
than 50% were collapsed. BP-
RELL value for the (Hs_Slug,
Mm_Slug) cluster is 60%.
Sequence alignments, and
complete references of the
seguences are available on the
journal’s web site (electronic
supplementary material Figs A
and B). Species abbreviations
used: Bf Branchiostoma
floridae, Cb Caenorhabditis
briggsae, Ce Caenorhabditis
elegans, Ci Ciona intestinalis,
Dm Drosophila melanogaster,
Dr Danio rerio, Gg Gallus
gallus, Har Halocynthia roretz,
Her Helobdella robusta,

Hs Homo sapiens, Pv Patella
vulgata, Lv Lytechinus variega-
tus, Mm Mus musculus, Tr Taki-
fugu rubripes, Xl Xenopus laevis

57

79

Lv Snail

10 changes

data not shown). This contributes to explaining why we
have only identified one fragment after PCR amplifica-
tion, athough there are at least two paralogous snail
genesin P. vulgata (Fig. 1).

Sequence comparison of the snail-related
proteins among Bilateria and phylogenetic analysis
of the snail-box

To date, about 35 members of the snail family have been
isolated and sequenced. In order to compare these pro-
teins al together and to avoid comparison biases due to
different protein lengths, we used SSPA score identity
(Brocchieri and Karlin 1998) instead of classical per-
centage identity. This analysis showed that protein pair-
wise identity scores of the sequences outside of the snail
motive are quite low (below 40%) except for the verte-
brate slug proteins (above 84%). The conservation of the
snail-box is much higher and even much higher in verte-
brates (score identity >77%) than in ecdysozoans (score

O i
Her Sna2

Ce Snaill

_I_”’“ g Snail/Slug
Hs Slug
Gg Slug

97 Pv Snail2

D Snail

Dm Escargor
Bf Snail

Scratch

identity >51%; see supplementary material available at
http://link.springer-ny.com, supplementary Fig. A).
These results led us to use only the snail box in order
to try to resolve the orthology relationships between
members of the snail family. By distance analysis
[through the Neighbour-Joining (NJ) algorithm] we re-
trieved results quite similar to those of Manzanares et al.
(2001), namely that the sequences distribute themselves
into two broad groups, respectively the snail/slug and the
scratch sub-families (not shown). Since species belong-
ing to the whole range of Bilateria are found in each of
these two sub-families, this is indicative of a pre-bilater-
ian duplication of the ancestral snail gene to yield the two
main paralogy groups. The NJ tree also shows that the
slug genes originate within the snail sub-family. How-
ever, the tree al'so provides strong suspicions of a number
of artefacts related to the fact that the various sequences
appear to evolve at different rates. We therefore per-
formed a maximum likelihood (ML) analysis using the
JTT-F model (Fig. 2). This new analysis gave us compa-
rable results and did not fully resolve some long-branch
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Fig. 3A-H Pv-snal expression. Full length cDNA was used as a
probe (see Materials and methods). Pv-Snhal expression isindicated
by arrows. Trochophore larvae size is 200x160 microns. A—F Six-
teen-hour-old trochophores. The expression is first restricted to two
pretrochal regions. Shortly after two posttrochal regions also ex-
press Pv-Snhal. A, B Apical view. C, D Ventra view. E Latera
view, cross section. F Apical view, cross section. G, H In 24-h-old
trochophores, a new site of Pv-Snal expression appears on the
right part of the foot. G Ventral view, H magnification of the foot
staining (a apical side, d dorsal side, v ventral side, S stomodeum)

attraction artefacts (see Discussion). Some improvement
was however observed. The snail/slug sub-family was
again clearly split from the scratch sub-family. Within the
snail/slug portion of the tree, the three Drosophila genes,
snail, escargot and worniu, form a monophyletic group
suggesting that they result from a relatively recent set of
duplications that could be specific to arthropods. All the
deuterostomes snail/slug genes, with the notable excep-
tion of the sea urchin and amphioxus snail, now form a
monophyletic group. Surprisingly, however, two verte-
brate snail sequences, that of chick and Xenopus, do not
emerge with the other snail genes. Instead they form an
independent clade also comprising the slug genes. The
latter point clearly shows that slug genes originate from
a duplication that occurred early on in the vertebrate
lineage. Upon examination of the tree, it is immediately
noted that the echinoderm, ascidian, cephal ochordate, and
protostome snail sequences are long branched while the
vertebrate (with the exception of the mouse smuc gene)
and slug ones are short. This suggests that the sea urchin,
Amphioxus, as well as the protostome sequences, were
pulled together and at a distance from the other sequences
by the well-known long branch artefact. Similarly, the
basal position of the nematode sequences within the snail
portion of this tree are most likely due to the same arte-

fact, which is known to plague most of Caenorhabditis
elegans genes. Finally the lack of clustering of all the
vertebrate sequences may also be accounted for on the
same basis, the fish and mammalian sequences having
apparently undergone more substitutions than the chick
and amphibian ones. In spite of these difficulties, it can
be seen that the two P. wulgata genes emerge strongly
within the protostome sequences. Thus, they are clearly
snail orthologues.

Pv-snal expression pattern

The expression pattern of Pv-snal was determined from
oocyte stage to 24-h-old trochophore larvae (24 h after
first cleavage). No maternal expression has been detect-
ed so far for this gene and the first sign of expression
was seen in 16-h trochophore larvae (Fig. 3). At this
stage the staining was first restricted to two pretrochal
regions (Fig. 3A). Shortly after, two new areas located in
the posttrochal region also appeared to express Pv-Shal
(Fig. 3B-D). Cross sections showed that these four areas
corresponded to four unique large cells (Fig. 3E, F). Two
of these cells were located ventrally in the pretrochal
area and the two others were situated more dorsally in
the posttrochal area (Fig. 3D). This expression persisted
at least until the 24th hour of development. At this stage,
a second domain of expression appeared in severa cells
on theright side of the larval foot (Fig. 3G, H).

Pv-sna2 expression pattern

Expression of Pv-sna2 was not detected before the
8th hour after first cleavage (Fig. 4). The staining was
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Fig. 4 A-H Pv-sna2 expression. PCR fragment amplified by
primers T3 and Rev2 on a cDNA template was used as a probe
(see Materials and methods). Pv-Sna2 expression is indicated by
arrows. Trochophore larvae size is 200x160 microns. A Eight-
hour-old embryos, first expression in seen in the apical plate; api-
cal view. B Twenty-four hour-old trochophores, expression per-
sists in the apical plate and begins in the invaginating mantle
fold; apical view. C, D Twenty-hour-old trochophores, ventral
view of the same trochophore with two different focus planes.
E-G Twenty-four hour-old trochophores, E, F apical view of the
same trochophore with different focus planes; G ventral view.
H Scanning electron micrograph, ventral view, of a 24-h-old
trochophore larva; arrows indicate the mantle invaginations
(at apical tuft, d dorsal side, v ventral side)

first restricted to a few cells in the apical plate located at
the base of the apical tuft (Fig. 4A). This apical expres-
sion was maintained until at least 24 h after first cleav-
age (Fig. 4B—F). Later, two new areas became stained
with the Pv-sna2 probe (Fig. 4C-G). At the 11th hour of
development, they were located in the posttrochal ecto-
derm (Fig. 4C, D), and at 24 h they were located in the
ectoderm “behind” the prototroch on the ventral side, on
either side of the foot with the blastopore in between
(Fig. 4E-G). This expression was at the base of two
ectodermal invaginations that become the mantle folds
(Fig. 4H).

Discussion
Sequence analysis of the P. vulgata snail genes

We have identified two new novel lophotrochozoan
members of the snail family gene family, Pv-snal and

Pv-sna2 (Fig. 1), that represent an independent duplica-
tion within the snail sub-family (Fig. 2). The level of se-
guence conservation between Pv-snal and Pv-sna2 is
low outside but high inside the snail-box, at the protein
as well asthe nucleotide level (Fig. 2). This high level of
nucleotide sequence identity could be explained by sup-
posing that a gene conversion occurred between the two
limpet genes in this region. If this was the case, the
sequence identity of the first and fifth zinc fingers was
apparently not high enough for these fingers to be in-
cluded in the conversion. This could mean that selective
forces on the excluded fingers (1 and V) were less impor-
tant than on the included fingers (I1, 111 and V). Thisis
corroborated by the fact that the first zinc finger is some-
times missing in some of the snail orthologs (in particu-
lar in vertebrate snail genes and two C. elegans sequenc-
es; Manzanares et a. 2001), and this might indicate that
this zinc finger is perhaps not as important for the func-
tion of the Snail proteins as the other fingers.

Expression of the snail genesin P. vulgata

We analysed the expression patterns of Pv-snal and
Pv-sna2 during early embryonic and larval development
of Patella. We set out to clone snail orthologs because
we were interested in their possible role in mesoderm
development. We thus expected these genes to be ex-
pressed around the time of mesoderm induction, and/or
during the development of the mesodermal tissue. The
mesoderm is induced between the 32- and 40-cell stage
(van den Biggelaar 1977) but we did not find any expres-
sion of either Patella snail gene at this stage. During



gastrulation, the mesoderm moves to the inside of the
embryo; we therefore would expect the snail orthologs to
be expressed internally. We only found four Pv-snal-
expressing cells located inside the larva but if they are
probably not of ectodermal origin, we were not able to
assign these cells to any germ layers (Fig. 3E and F). As
they do not fit with any well known structures (Dictus
and Damen 1997), the fate of these four Pv-snal-
expressing cells remains unknown.

All other sites of expression we have found for the two
snail genes are ectodermal. The ectodermal Pv-snal-
expressing cells are located asymmetrically at the right
side of the foot (Fig. 3G and H). Although the signifi-
cance of this staining remains cryptic it is very tentatively
suggested that, as in the chick and mouse (Isaac et al.
1997; Sefton et al. 1998), this expression could be related
to the control of left-right asymmetry in this region.

The ectodermal Pv-sna2 expression in the apical plate
is at the base of the apical tuft (Fig. 4A and B). The tuft
develops into a neural sensory structure suggesting that
Pv-sna2 could be involved in the neural differentiation
of this structure. This situation can be readily compared
to the neural expression and role in neural differentiation
of many of the snail family members (Roark et al. 1995;
Ashref et al. 1999; Metzstein and Horvitz 1999).

The other site of Pv-sna2 expression might corre-
spond to the base of the mantle folds (Fig. 4G, H). Cells
in this region are forming pockets that will expand in-
wards and become the epithelial covering of the cavity
enclosed by the shell. Although there is no direct evi-
dence, an EMT process could be involved in this pocket-
ing of the ectoderm. A function in EMT and cell-motility
control has been found for vertebrate members of the
snail gene family (Batlle et al. 2000; Cano et al. 2000).

Recent results on mouse (Cano et al. 2000) and hu-
man (Batlle et a. 2000) have shown that snail is able to
bind the E-cadherin promoter and thus to repress the ex-
pression of this molecule that plays a central role in the
control of cell adhesiveness and migration. Also, snail
genes have repeatedly been linked to EMT, e.g. in neural
crest formation (Carl et al. 1999) and heart development
(Romano and Runyan 1999) in vertebrates, and in tu-
mour formation (Cano et a. 2000). This has led to the
suggestion that EMT (Manzanares et al. 2001) and the
control of cell motility (Hemavathy et al. 2000) are an-
cient functions of this gene family.

Ancestral function of the Shail gene

Although the snail gene is conserved in lophotrochozo-
ans (Goldstein et al. 2001; this work), the patterns of ex-
pression of the two Patella snail homologues we have
characterised appear to be dynamic and different from
what might be expected if these genes were involved in
mesoderm formation. Based on the timing of expres-
sion, and special localisation, it seems more likely that
this expression is not linked to a role in mesoderm for-
mation. The other expression sites of the Patella snail
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genes (in the foot, apical tuft and mantle cavities) are
ectodermal.

The probable expression of the snail Patella ortho-
logs in involuting cells of the mantle tips is compatible
with the control of EMT and cell motility at this site
during the early development of Patella. Thus, based on
data presented here and on data from the literature, in-
stead of being a key gene ancestrally involved in meso-
derm formation, we suggest that the ancestral role of the
snail gene could be in the regulation of E-cadherin and
the control of epithelio-mesenchymal transitions.

With this idea in mind, many of the expression pat-
terns of members of this gene family in the fly aswell as
in vertebrates can be related by their roles in cell move-
ment during gastrulation (Oda et al. 1998), mesoderm
formation, neuroblast delamination, and neural crest cell
migration.

The ancestral role that we propose for the snail genes
allows us to speculate on how the mesoderm evolved. In
order for this third germ layer to arise, cells would have
had to leave the epithelium of the ectoderm and/or the
endoderm and move in between the two cell sheets. For
this to occur, a process similar to EMT was required.
Therefore, a prerequisite for the evolution of the meso-
derm was the ability for cells to undergo an epithelial-
mesenchymal transition. The connection between snail
and E-cadherin could perhaps be considered as a kind of
pre-adaptation for the evolution of the mesoderm.
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