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Abstract As part of an examination of how develop-
mental mechanisms such as axis specification, cell fate
specification, and segmentation have evolved, we have
cloned homologs of the Drosophila melanogaster genes
dorsal and snail from the glossiphoniid leech Helobdella
robusta. Sequences from one dorsal-class gene (Hro-dl)
and two snail-class genes (Hro-snal and Hro-sna2) were
identified. Polyclonal antibodies were raised against the
most conserved domains of HRO-DL and HRO-SNA1.
Nuclear staining appeared for both proteins in mid-em-
bryogenesis, in mesodermal and ectodermal precursors.
During segmentation, segmentally iterated stripes of
cells with strong HRO-DL staining appeared. The stripes
of HRO-DL staining were first concentrated in the cyto-
plasm of cells, and later in the nuclei. Around this time,
HRO-SNA levels also appeared in nuclei in segmentally
iterated stripes. The localization of HRO-DL and HRO-
SNA proteins raise the possibility that these genes are
part of a conserved genetic pathway that, instead of
specifying the dorsoventral axis and the mesoderm asin
flies, might play arole in the diversification of cell types
within segment primordia during leech devel opment.
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Introduction

Understanding how morphological diversity evolves is
one of the great challenges of modern biology. The evo-
lution of morphological diversity must entail the modifi-
cation of pre-existing developmental programs, but
whether general rules exist by which alterations to de-
velopmental programs produce morphological diversity
(or what any such rules might be) remains to be deter-
mined. This issue must be approached by analyzing the
developmental mechanisms of diverse taxa and compar-
ing them in light of the relevant phylogenetic relation-
ships.

In making such comparisons, the fruit fly Drosophila
melanogaster and the nematode Caenorhabditis elegans
are prime candidates for reference species, since these
are the organisms for which the molecular mechanisms
of development are known in most detail. Both these
species fall within the Ecdysozoa, and thus represent just
one of the three clades of bilaterian animals defined by
recent molecular phylogenies (Halanych et al. 1995;
Aguinaldo et a. 1997; de Rosa et al. 1999). The main
goal of this work is to determine if homologs of genes
involved in dorsoventral axis specification and meso-
derm specification in Drosophila (such as dorsal and
snail) play similar roles in spiralian animals, which be-
long largely to the Lophotrochozoa (the other proto-
stome clade). The spiralians represent a large group of
diverse phylathat have comparable embryonic fate maps
but exhibit broad variation in how the mesoderm and the
dorsoventral axis are specified (Henry and Martindale
1999). Identifying the molecular players in these events
may therefore open a fruitful avenue for examining how
development evolves. We also hope to contribute to re-
solving the question of whether segmentation arose inde-
pendently within the two great clades of protostomes, by
examining the roles of homologs of key fly developmen-
tal genes in segmented lophotrochozoans. For these pur-
poses, we use embryos of the glossiphoniid leech Helo-
bdella robusta (phylum Annelida), a segmented, spirally
cleaving lophotrochozoan.
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Fig. 1A, B Schematic summary of development of the leech
Helobdella robusta. A Selected developmental stages. Orange
Germinal bands (gh) and germinal plate (gp), gray micromere cap.
Segmentally iterated coelomic spaces are shown in the stage 9 em-
bryo. B Diagram of segment formation from teloblasts in an early
stage 8 embryo

The first two cleavages in Helobdella produce four
cellscalled A, B, C and D (Fig. 1). Cell D is larger than
the other three cells, inherits most of the yolk-deficient
cytoplasm (teloplasm) and is the precursor of all seg-
mental mesoderm and ectoderm. The D cell undergoes
an unequal division, producing a micromere and a mac-
romere, and the macromere next divides to form the me-
sodermal precursor DM and the ectodermal precursor
DNOPQ. Thus, we might expect any putative segregated
determinants that specify dorsal and/or mesodermal fates
to be localized exclusively to the D cell, and a putative
segregated determinant for mesoderm to be further seg-
regated to DM. A determinant specifying other fates
might be localized in a complementary pattern. Embryo-
logical experiments in other spiralians, such as |lyanassa
obsoleta and Bithynia tentaculata, suggest additional
predictions for where such determinants should be local-
ized in such organisms (Clement 1952; van Dam et al.
1982). To date, no molecules with these predicted pat-
terns of localization are known in any spiralian.

Flies develop segments by making use of gradients of
proteins, such as transcription factors and translational
regulators, within a multinucleate syncytium, to subdi-
vide a common cytoplasm into unique regions. Unlike
flies, and like most other animals, Helobdella embryos
undergo holoblastic cleavages during early development.
Segmental tissues arise in Helobdella from anteroposte-
riorly oriented columns of segmental founder cells (blast
cells). The blast cells arise in an anteroposterior progres-
sion from five bilateral pairs of stem cells (M, N, O/R,
O/P, and Q teloblasts) produced during late cleavage
from DM and DNOPQ, the mesodermal and ectodermal
precursors discussed above.

In Drosophila, dorsal and snail are key regulators of
dorsoventral axis specification and mesoderm specifica-
tion; dorsal encodes a rel-domain transcription factor
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that is present throughout the embryo but which only en-
ters nuclei on the ventral side of the embryo, under the
control of the Toll signaling pathway (Belvin and Ander-
son 1996). In ventral nuclel, Dorsal protein binds to the
promoter of snail, activating snail expression (Rusch and
Levine 1996). Snail is a zinc finger transcription factor;
it plays arole in ensuring that a mesoderm-specific pat-
tern of gene expression arises in ventral cells (Leptin
1991). Similarities in the expression patterns between fly
and vertebrate versions of these genes (Nieto et al. 1992;
Smith et al. 1992; Essex et al. 1993; Hammerschmidt
and Nusslein-Vollhard 1993; Thisse et al. 1993; Bearer
1994) suggest that the common ancestors of flies and
vertebrates might have used these genes similarly, at
least to some degree. We therefore chose these genes as
candidates for regulators of similar processes in spirali-
ans. Here, we have identified sequences from dorsal-
and snail-class genes of some spiralians. We show that
Dorsal- and Snail-class proteins in the leech Helobdella
do not show an expression pattern that would suggest a
role in dorsoventral axis and mesoderm specification. In-
stead, after a widespread expression pattern in early de-
velopment, they show a segmentally iterated pattern, af-
ter other signs of segmentation have appeared, raising
the possibility that they may play a role in elaborating
cell diversity within each segment.

Materials and methods

Animals

Helobdella robusta (abbreviated as “Hro” in gene and protein
names; Shankland et al. 1992) was obtained from a laboratory col-
ony, and Helobdella stagnalis (Hst) was obtained from a commer-
cial supplier. Standard culture conditions (Blair and Weisblat
1984) and embryo staging criteria (Fernandez 1980) were used.
The gastropod mollusk Lymnaea stagnalis (Lst) was cultured by
the methods of Lundelius and Freeman (1986). Adults of the echi-
uran Urechis caupo (Uca) were kept in sea water at 15°C; animals
were spawned and embryos were raised by the methods of Rosen-
thal and Wilt (1986). Adults of the sipunculid Phascolosoma ag-
assizii (Pag) were collected in the intertidal zone at Hopkins Ma-
rine Laboratory, Monterrey, and were kept in the laboratory in sea
water at 15°C.



Fig. 2A-D Helobdella robusta
Dorsal-class protein (HRO-DL;
A, B) and Snail-class proteins
(HRO-SNA; C, D). Diagrams of
predicted proteins (A, C) re-
present full-length or partial se-
quence, with black sections
marking the rel-homology do-
main of Drosophila Dorsal and
five zinc fingers of Drosophila
Snail. The most identical re-
gions are labeled with percent
amino acid identity. The ends
of incomplete coding sequenc-
es are indicated by zig-zags (for
HRO-DL and HRO-SNA?2).
Sequences show rel-homol ogy
domain of Dorsal-class proteins
(B) and four conserved zinc
fingers (numbered 2-5 above
seguences) and C-terminal se-
quence of Snail-class proteins
(D). Primer sites are indicated
ingray. Amino acids are la-
beled black if identical, and
gray if similar, in at least two-
thirds of the sequences. The
last six amino acids of LST-
SNA are omitted because they
were not conclusively deter-
mined. Asterisks before names
of predicted proteins represent
sequences newly reported in
this paper. LST Lymnaea stagn-
alis, HST Helobdella stagnalis,
PAG Phascol osoma agassizi,
UCA Urechis caupo
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Degenerate PCR of new genes

Primers used in this study were as follows (I is inosine; N is
A/GICIT):

e dorl: 5-CGGAATTCCGTTYMGITAYIIITGY GARGG-3, cor-
responding to the sequence FRYECEG (Fig. 2) plus an EcoR1
adapter.

o dor2: 5'-cgggatccegteyttlkSlacyttlterca-3', corresponding to
the sequence CEKVAKE plus a BamHI adapter.

e dor3: 5'-CGGGATCCCGAAIlacytGraarcalarlc-3', correspond-
ing to the sequence RLCFQVF plus a BamH| adapter.

» snal: 5'-GTAAGCTTGGNGCNY TNAARATGCAYAT-3', cor-
responding to the sequence GALKMHI plus aHindl 1 adapter.

e gsna2: 5-GTGAATTCAANGGYTTNTCNCCYGTRTG-3, cor-
responding to the sequence HTGEK PF plus an EcoR1 adapter.

e snad: 5-CGC GGATCCGGIDSIYTIAARATGCA-3', corre-
sponding to the sequence GALKMH plus a BamH1 adapter.

» snad: 5-CCGCTCGAGCGGRTTISWIYKRTCIGCRAA-3, cor-
responding to the sequence FADRSN plus an Xhol adapter.

» snab: 5-CCGCTCGAGCGGRTGIGTYTGIIIRTGIGCIC-3, cor-
responding to the sequence RAHQQTH plus an Xhol adapter.

Hro-dl amplification was carried out with the primers dorl and
dor2. Hst-dl was amplified using the dorl and dor3 primers. Hro-
sna genes were amplified using the primers snal and sna2. Pag-
sna and Lst-sna were amplified using the sna3 and snad primers,
and Uca-sna was amplified with the sna3 and sna5 primers. Dur-
ing work aimed at producing an antibody to a leech twist homo-
log, Hro-twi, a sequence previously reported as 3' UTR (Soto et
a. 1997) was found to have sequence similarity to a protein-en-
coding sequence in twist. The twist homolog was therefore ampli-
fied from genomic DNA and the published sequence was found to
contain errors, one of which produced a premature stop codon.
The corrected sequence may encode a putative protein with a mo-
lecular weight of 40 kDa. During one attempt to amplify Hro-dI,
a fragment of a leech homolog of the ascidian gene macho-1
(Nishida and Sawada 2001) was fortuitously amplified; we call the
gene represented by this fragment Hro-macho. All of the sequenc-
es identified or corrected in this work (Hro-dl, Hst-dl, Hro-snal,
Hro-sna2, Hro-macho, Hro-twi, Pag-sna, Lst-sna, Uca-sna) have
been submitted to GenBank.

Simple methods for DNA preparation were adapted, with
slight modifications, from a protocol developed for small amounts
of C. elegans tissue by Barstead et a. (Barstead et a. 1991; Wil-
liams 1995), and were used for the echiuran, sipunculid, and mol-
luscan DNA templates. A piece of tissue with a volume of roughly
0.1 mm3 (or between one and ten larvae for U. caupo) was added
to 2.5 pl lysis buffer (5°mM KCI, 2.5 mM MgCl,, 1°mM Tris HCI
pH 8.3, 0.45% Nonidet P40, 0.45% Tween-20, 0.01% gelatin,
0.1 mg/ml proteinase K) in an Eppendorf tube, covered with min-
eral oil, and frozen at —80°C for at least 10 min. Severa different-
ly-sized pieces of tissue were tried for each sample. Each tube was
incubated at 60°C for 1-2 h, heated to 95°C for 15 min to denature
the proteinase K, and cooled to 4°C. These were used as DNA
templates by adding 47.5 pl PCR cocktail [1 unit of Taq polymer-
ase and 1x Taq buffer with MgCl, (Perkin Elmer Cetus), 25 pM
dNTP and 10 uM primer] directly to each tube.

Expression constructs and antibody preparation

The entire Hro-dl fragment (Fig. 2) and a Hro-snal GALKMH to
AHLQTH fragment were cloned into pQE-30 (Qiagen) to generate
N-terminally 6x His-tagged polypeptides. Clones were tested for
expression on protein gels and expressing clones were sequenced
and then used for protein purification on nickel-NTA columns.
The resulting partially purified proteins were gel-purified. Poly-
clonal rabbit antisera against these proteins were then raised com-
mercially (Babco). Antisera were affinity-purified on columns
against the antigens above bound to Affigel (BioRad). These affin-
ity-purified antisera were used for all the HRO-DL and HRO-SNA

immunostaining experiments described in this paper. Attempts
were also made to generate antibodies that might recognize Dor-
sal-, Snail-, or Twist-class proteins in multiple phyla; for Dorsal,
this was attempted by expressing full-length Drosophila Dorsal,
purifying the expressed protein as above, and injecting it into
rabbits, boosting twice with this protein, and then boosting twice
more with the conserved HRO-DL fragment above. Neither
this, nor antisera generated against Snail-class proteins by the
same method, gave the predicted patterns by immunostaining Dro-
sophila embryos, nor by immunostaining leech embryos with anti-
sera or affinity-purified antibodies (purified against the leech
sequence-derived polypeptides above). Antisera and affinity-puri-
fied antibodies generated against the Twist-derived peptides
QRVMANVRERQRTQSLN or DKLSKIQTLKLATRYID (Re-
search Genetics) also failed to produce a clear pattern of nuclear
localization in leech embryos.

Fixation, removal of vitelline envelope, and immunostaining

Embryos were collected from adults, fixed in 4% formaldehyde in
one-quarter strength phosphate-buffered saline (PBS) for 90 min,
and then rinsed in PBS plus 0.1% Tween-20 (PBT). All steps were
carried out at room temperature unless otherwise noted, and all
further incubations were carried out in Eppendorf tubes filled with
fluid (to prevent damage resulting from bubbles) and rotating at a
speed sufficient to keep the embryos from settling (about 5 s per
rotation).

To efficiently remove the vitelline envelope from large num-
bers of embryos, Pasteur pipettes are pulled over a flame, and then
cut with watchmakers forceps under a dissecting scope to a bore
diameter just smaller than the diameter of the vitelline envelope,
using intact embryos for comparison. Useful pipettes are selected
by testing some on fixed embryos: drawing groups of embryos in-
to the pipette, using a mouth pipette to carefully control suction,
results in removal of the vitelline envelope with visible damage to
fewer than 10% of the embryos. An excessively small bore size
will result in embryos getting stuck or damage to a greater per-
centage of the embryos, and an excessively large bore size will re-
sult in failure to remove the vitelline envelope. Effective pipettes
are rinsed and saved for reuse.

Devitellinized embryos were blocked in PBS with 1% Tween-
20 and 10% heat-inactivated normal goat serum (PTN) for 34 h,
then incubated in primary antibody in PTN plus 0.02% sodium
azide overnight. Affinity-purified anti-HRO-DL was used at
1:100, affinity-purified anti-HRO-SNA at 1:50, and mouse anti-
histone monoclonal antibody MAB052 (Chemicon) at 1:1,000.
Embryos were rinsed in several changes of PBS with 1% Tween-
20 and then washed over 12 h through several more changes. Em-
bryos were then incubated in 1:1,000 HRP-conjugated anti-rabbit
1gG secondary antibodies (Jackson Immunoresearch Laboratories)
in PBT with 10% heat-inactivated normal goat serum overnight at
4°C. Embryos were washed for 6 h through six changes of PBT.
HRP localization was reveaded by incubating embryos in
0.4 mg/ml DAB with 0.01% hydrogen peroxide in PBS for
1-5 min, watching under a microscope, with a white surface be-
hind the embryos, until the reaction developed sufficiently. Em-
bryos were then washed several times in PBT, passed through an
ethanol series and left in 100% ethanol for 3-5 min, and then
cleared in 3:2 benzyl benzoate:benzyl alcohol (BBBA). Sectioned
embryos were stained as whole mounts and then sectioned. Unless
otherwise noted, the observations discussed for whole-mount em-
bryos are based on seeing the pattern invariably in a minimum of
ten embryos of each stage; the observations for sectioned embryos
are based on complete sections of three embryos. None of the pat-
terns found here were found after staining embryos from the same
clutches with polyclonal antibody to a different leech protein
(HRO-NOS; Pilon and Weisblat 1997) or with any of the pre-im-
mune sera.



Results and discussion
| dentification of leech homologs of dorsal and snail

We designed primers corresponding to segquences con-
served between each fly gene and its vertebrate homo-
logs, and performed degenerate PCR, using genomic
DNA from the leech H. robusta as template, to identify
leech homologs of these genes.

The dorsal primers amplified a 525-bp PCR fragment
encoding 175 amino acids of polypeptide (Fig. 2); this
stretch showed 56% amino acid identity to most of the
Drosophila Dorsal protein’s rel-homology domain, a do-
main involved in DNA binding, dimerization, and bind-
ing to Cactus, a regulator of Dorsal localization and
DNA-binding activity (Isoda et al. 1992; Govind et al.
1996). We refer to the gene represented by this fragment
as Hro-dl. A fragment of adorsal homolog was also am-
plified from a second leech, H. stagnalis; we refer to the
gene represented by this fragment as Hst-dl. The Hro-dl
predicted gene product shares more sequence identity
with Dorsal than it does with the corresponding frag-
ments of divergent rel-homology domain proteins, such
as the Drosophila proteins Dif (41%) or Relish (31%),
suggesting it is a true Dorsal homolog. The same is true
for the Hst-dl predicted gene product.

The snail primers amplified two different 126-bp frag-
ments, both of which had sequence similarity to the Dro-
sophila snail sequence. We refer to the genes represented
by these fragments as Hro-snal and Hro-sna2, and we re-
fer to the two genes together as Hro-sna genes. In the
course of this work, fragments of snail homologs were
also identified from three other spiralian phyla by PCR;
we refer to the genes represented by these fragments as
Pag-sna (from the sipunculid P. agassizii), Uca-sna
(from the echiuran U. caupo) and Lst-sna (from the mol-
lusk L. stagnalis). To identify more sequence of each of
the leech genes, the Hro-snal and Hro-sna2 PCR frag-
ments were used to screen a H. robusta genomic DNA Ii-
brary. A 2.0-kb Hro-snal genomic clone was obtained.
This clone contained sequence that may encode a 203-
amino-acid polypeptide with four predicted zinc fingers
and a predicted molecular weight of 23 kDa The
107 amino acids that may encode four zinc fingers had
66% sequence identity to zinc fingers 2-5 of Drosophila
Snail and similar percent identities to the Drosophila Snail
paralogs Worniu (64%) and Escargot (67%). A 0.8-kb
Hro-sna2 genomic clone was obtained. This clone con-
tained sequence with the potential to encode the N-termi-
nal 93 amino acids of a protein; this 93-amino-acid
stretch showed 77% sequence identity to the N-terminal
part of the Drosophila Snail protein and similar percent
identities to the Drosophila Snail paralogs Worniu (77%)
and Escargot (78%). Both Hro-snal and Hro-sna2 share
more sequence identity with snail, these Drosophila para-
logs and vertebrate orthologs than they do with divergent
zinc finger genes, such as the Drosophila genes scratch
and glass, suggesting they are true snail-class genes
(Fig. 2).
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Fig. 3A—F HRO-DL protein localization in early embryos (dorsal
views unless otherwise indicated). A Weak teloplasmic staining at
stage 4b. B Micromere nuclel staining at stage 6b. C Higher mag-
nification view of embryo in B. D Micromeres and lines of blast
cells stain at stage 7 (and early stage 8; inset). Arrows mark some
of the earliest-staining blast cell nuclei. E Blast cells, their deriva-
tives, and micromeres stain at early stage 8. F Similar stage as E,
stained with an anti-histone antibody to show the locations of nu-
clei at this stage. Inset shows a macromere nucleus from another
embryo stained with an anti-histone antibody. Scale: embryos are
about 400 pm in diameter

Localization of the HRO-DL and HRO-SNA proteins
in embryos

To begin to understand how Hro-dl and Hro-sna genes
might function in development, we examined where the
proteins encoded by these genes localize in developing
embryos. We made his-tagged versions of our fragment
of HRO-DL and of a highly conserved fragment of
HRO-SNAL1 (see Materials and methods). Highly con-
served sequences were chosen to maximize the chance of
recognizing all leech Dorsal-class and Snail-class pro-
teins with the antibodies, although it is not yet clear
whether the antibodies do in fact recognize multiple Dor-
sal-class or Snail-class proteins. Each expressed protein



334

e T S S

Fig. 4A—E HRO-DL protein localization in later embryos (dorsal
views unless otherwise indicated). A All blast cell derivatives
show nuclear staining at mid-stage 8 (ventral view). B Stripes of
staining appear in stage 9, as staining of nuclei of all blast cell de-
rivatives fades (ventral view). Inset shows an enlarged ventral
view of another embryo at the same stage. C Cells of midbody
stripes at stage 9 show cytoplasmic staining (left is anti-HRO-DL,
right is anti-histone of same embryo; arrows point to the same nu-
clei, left and right). D Squamous epithelia cells of the provisional
integument at stage 9 show cytoplasmic staining (lateral view; left
is anti-HRO-DL, right is anti-histone of same embryo with anti-
HRO-DL image overlain; arrows point to the same nuclei, left and
right). E Sagittal section of a stage 9 embryo, with ventral down
and the anterior (Ant.) and posterior (Post.) labeled, showing nu-
clear staining in anterior stripes (two black arrows at right), cyto-
plasmic staining in posterior stripes (two black arrows at left), and
intermediate nuclear/cytoplasmic staining in one transitional stripe
(the remaining black arrow). Insets show views of other sections
of the same embryo, illustrating, from left to right: cytoplasmic
staining, cytoplasmic staining, intermediate nuclear/cytoplasmic
staining, two nuclei staining, and one nucleus staining. The anteri-

was used to make rabbit polyclonal antisera, which were
then affinity-purified. Both affinity-purified antibodies
were found to recognize their antigens much better than
they recognize unrelated proteins (approximately 1,000-
fold higher affinity for anti-HRO-DL and approximately
100-fold higher affinity for anti-HRO-SNA, by testing
antibodies on protein dot blots; data not shown). This,
together with the parallels between the expression pat-
terns for these proteins and homologs in other organisms
(see below), suggests that our immunostaining experi-
ments reveal the pattern of Dorsal- and Snail-class pro-
teinsin leech development.

Embryos of various stages were immunostained with
each antibody using HRP-conjugated secondary antibod-
ies. All embryos were co-stained with anti-histone anti-
body using a fluorescent secondary. Regions with high
levels of HRP showed no fluorescence as expected (as
the HRP reaction product blocks fluorescence), but dou-
ble-staining allowed us to determine conclusively wheth-
er areas that were not stained with anti-HRO-DL or anti-
HRO-SNA included nuclei. Anti-HRO-DL staining
weakly marked all teloplasm during stages 1 to 6a
(Fig. 3A). No exclusion or enhancement of staining was
seen at nuclei. We cannot exclude the possibility that this
may represent a background level of binding of the anti-
body to unrelated proteins. Nuclear staining above this
level was first seen in micromeres. At stage 6b, all mic-
romeres consistently showed high levels of nuclear
HRO-DL (Fig. 3B, C). In most embryos of earlier stages,
no enhancement of nuclear staining was visible, but in a
small percentage of embryos, one or more nuclei stained
during stages 4b—6a. Staining of al micromere nuclei re-
mained visible throughout stage 7.

No other nuclel showed enhanced levels of HRO-DL
until blast cells were first born, in stage 7. The most re-
cently born blast cell produced by each of the ten telo-
blasts generally showed intermediate levels of nuclear
HRO-DL, along with the next few older blast cells, and
all other blast cell nuclei (both mesodermal and ectoder-
mal) consistently showed high levels of HRO-DL
(Fig. 3D, E). Teloblast nuclei had levels of HRO-DL
near the cytoplasmic background levels, suggesting that
blast cells start producing high levels of HRO-DL pro-
tein soon after they are born. Staining of al blast cell nu-
clei and the nuclei of blast cell derivatives continued
throughout stage 8 and began to decrease in level in
stage 9 (Fig. 4A).

As HRO-DL levelsin al nuclei of blast cell deriva-
tives decreased by stage 9, segmentally iterated stripes of
HRO-DL staining began to appear Fig. 4B, C. The
stripes of increased staining appeared only in the cyto-
plasm, in cells in the lateral parts of the germinal plate.

or-posterior level of each inset, from left to right, matches roughly
with the anterior-posterior level indicated by each of the five black
arrows in the whole section above, from left to right. Some cells at
the surface of the yolk also show strong staining (white arrow).
Scale: embryos are about 400 pm in diameter



Fig. 5A—H HRO-SNA protein localization (dorsal views unless
otherwise indicated). A Weak teloplasmic staining at stage 3.
B Micromere nuclei stain at stage 7. C Enlarged view of embryo
in B, showing anti-HRO-SNA at left and anti-histone at right. Ar-
rows mark first blast cell nucleus (bottom pair) and first blast cell
nucleus with noticeable HRO-SNA staining (top pair). Note that
the line seen in the HRO-SNA panel to the left of the row of nu-
clei isthe edge of arow of blast cells, not nuclei. D Nuclel of mic-
romeres, blast cells, and blast cell derivatives stain at early stage
8. E Blast cell nuclei at mid stage 8. F Staining of nuclei of blast
cell derivatives fades by stage 9, except nuclei in stripes in anteri-
or (G), where HRO-DL is becoming nuclear (see Fig. 4). “A”
marks anterior end of germinal plate; arrows point to four stripes
of nuclear staining. H Enlarged view of embryo in G, showing an-
ti-HRO-SNA at left and anti-histone at right. Arrows point to two
nuclei of HRO-SNA stripe, and the absence of anti-histone stain-
ing nuclei in the area, as fluorescence is presumably quenched by

335

These cells have not yet been identified, but they clearly
lay lateral to the developing nervous system. The cyto-
plasmic staining in these cells was punctate, similar to
that observed previously for a Xenopus Dorsal homolog
(Bearer 1994), suggesting that HRO-DL may be com-
partmentalized within vesicles in the cytoplasm of these
cells. Exclusively cytoplasmic staining was also found in
squamous epithelial cells of the provisional integument
(Fig. 4D). Since the segments develop in an anterior-to-
posterior temporal gradient, advanced stages of segment
development can be seen by examining more anterior
segments. Strikingly, staining was found to shift from
cytoplasmic to nuclear localization in older (more anteri-
or) stripes (Fig. 4E). The location in each segment where
each stripe of cytoplasmic staining originates appears to
be where the septa between coelomic spaces will later
form, as the stripes of nuclear staining in the anterior
were found to mark the ventral end of each septum
(Fig. 4E).

At no point between stages 1 and 8 do any other nu-
clei, including for example al of the nuclei that contrib-
ute to the endoderm, stain for HRO-DL, despite these
nuclei being accessible to immunostaining in general, as
evidenced by the ease of marking them with even mini-
mal concentrations of anti-histone antibody (Fig. 3F, in-
set). At stage 9, some cells at the surface of the yolk
showed strong anti-HRO-DL staining (Fig. 4E).

The HRO-SNA staining pattern (Fig. 5) appeared
identical to the HRO-DL staining pattern except in two
respects. First, blast cell nuclei did not show high levels
of HRO-SNA until several hours later than they showed
high levels of HRO-DL (Fig. 5C). This could reflect ala-
ter accumulation of HRO-SNA, as might be expected if
Hro-sna is a transcriptional target of HRO-DL, or it
could simply reflect a lower affinity of the HRO-SNA
antibody for its target antigens. Second, HRO-SNA
staining did not appear in stripes of cellsin the germinal
plate until HRO-DL entered nuclei in stripes of cells
(Fig. 5FH). From the time they appeared, the stripes of
nuclear HRO-SNA staining were similar in position to
the stripes of HRO-DL nuclear staining, suggesting that
the cells with high levels of nuclear HRO-DL acquire
high levels of nuclear HRO-SNA as well, athough we
have not conclusively determined whether HRO-DL and
HRO-SNA are at high levels in the same nuclei. We note
that the entire HRO-DL and HRO-SNA embryonic local-
ization patterns are consistent with the possibility that
HRO-DL activates expression of Hro-sna, as is the case
for Drosophila Dorsal and Snail (Belvin and Anderson
1996; Rusch and Levine 1996).

Expression patterns of several other developmental
genes have been examined in glossiphoniid leech embry-
os, including homologs of engrailed (Wedeen and
Weisblat 1991), wingless (Kostriken and Weisblat 1992),

the HRP reaction product. Embryos in G and H are the same age
(from same clutch) as are all of the stage 9 embryos in Fig. 3.
Scale: embryos are about 400 um in diameter
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msx (Master et a. 1996), twist (Soto et al. 1997), nanos
(Pilon and Weisblat 1997), hunchback (lwasa et al.
2000) and a large number of Hox genes (see Kourakis et
al. 1997 for review). Efforts toward developing methods
to test the functions of such genes in leech development
by gene inactivation (see Baker and Macagno 2000, for
example) or by ectopic gene expression (see Pilon and
Weishlat 1997, for example) are ongoing. If HRO-DL di-
rectly activates the expression of Hro-sna, these genes
could be useful for testing such methods, since disrupt-
ing Hro-dl function or ectopically expressing Hro-dl
would give simple predictions for the effects on the dis-
tribution of a downstream gene product.

How might dorsal- and snail-class genes function in
leech embryos? The expression patterns suggest some
hypotheses. Fly dorsal and snail genes function in speci-
fication of the dorsoventral axis and the mesoderm. The
expression pattern of Tribolium castaneum-dorsal sug-
gests that beetles may use a Dorsal-class protein similar-
ly (Chen et a. 2000). The fly snail gene additionally
functions in nervous system development (Ashraf et al.
1999), and dorsal additionally functions in innate immu-
nity (Belvin and Anderson 1996; Rusch and Levine
1996; Manfruelli et al. 1999). There is no evidence for
any of these functions in leech development. It is unlike-
ly that the HRO-DL and HRO-SNA proteins act in dor-
soventral axis specification, since neither show patterns
of localization consistent with this possibility; for exam-
ple, neither appear to be localized in a pattern expected
for a spiralian dorsoventral determinant. It remains pos-
sible that they function in mesoderm specification, a-
though since the proteins are expressed in both mesoder-
mal and ecotdermal precursors, this seems unlikely. The
results suggest that the role of Dorsal-class proteins in
specification of the dorsoventral axis and the mesoderm
might have been present in the common ancestor to
leeches and flies and was lost in the lineage leading to
leeches, or it might not have been present in the common
ancestor and was gained in the lineage leading to flies.
Preliminary tests of an innate immunity function in
leeches — determining whether bacterial infection can
cause cytoplasmic HRO-DL to become nuclear as Dorsal
does in flies (B. Goldstein, unpublished work) — have
produced negative results. We have not seen specific
HRO-SNA expression in the nervous system. We con-
clude therefore that none of the developmental functions
known for these genes in flies have been found yet in
leeches. Widespread expression appears transiently in
leech development, in all the micromeres and teloblast
derivatives between stage 6b and late stage 8. How these
genes might function in these cells, or whether they have
afunction during this period, remains unclear.

The most suggestive parts of the leech expression pat-
terns are the stripes of nuclear staining that arise during
segmentation: this pattern raises the possibility that these
genes are part of a genetic pathway that, instead of speci-
fying the dorsoventral axis and the mesoderm as in flies,
might play arole in the diversification of cell types with-
in segment primordia during leech development. Seg-

mentally iterated stripes of staining have also been seen
in Xenopus embryos for the dorsal homolog Xrell
(Bearer 1994). With the caveat in mind that we do not
know if or how these striped patterns of Dorsal-class
proteins might function in either leech or Xenopus em-
bryos, these results at least raise the possibility that this
may be a feature of a Dorsal pattern that was present in
the ancient urbilaterians but was lost in the lineage lead-
ing to flies. Alternatively, Dorsal-class proteins might
not have been expressed in iterated stripes in the com-
mon ancestor to these organisms, and might have inde-
pendently acquired at least superficially similar patterns
in the lineages leading to the leeches and frogs. Shail-
class genes have been proposed to have an ancestra
function in cell migration (Hemavathy et al. 2000);
whether HRO-DL activates snail in a segmentally iterat-
ed population of cells which will later migrate remains to
be determined.
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