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LvDelta is a mesoderm-inducing signal in the sea urchin embryo and can

endow blastomeres with organizer-like properties

Hyla C. Sweet*, Michael Gehring and Charles A. Ettensohn
Department of Biological Sciences, Carnegie Mellon University, 4400 Fifth Avenue, Pittsburgh, PA 15213, USA

*Author for correspondence at present address: Department of Biological Sciences, College of Science, Rochester Institute of Technology, 85 Lomb Memorial Drive,
Rochester, NY 14623, USA (e-mail: hxssbi@rit.edu)

Accepted 15 January 2002

SUMMARY

Signals from micromere descendants play a critical role in  mesodermal cell types, pigment cells and blastocoelar
patterning the early sea urchin embryo. Previous work cells. We also demonstrate that LvDelta is expressed by
demonstrated a link between the induction of mesoderm by macromere descendants during mesenchyme blastula
micromere descendants and the Notch signaling pathway. and early gastrula stages. Macromere-derived LvDelta is
In this study, we demonstrate that these micromere necessary for blastocoelar cell and muscle cell development.
descendants express LvDelta, a ligand for the Notch Finally, we find that expression of LvDelta is sufficient to
receptor. LvDelta is expressed by micromere descendants endow blastomeres with the ability to function as a vegetal
during the blastula stage, a time when signaling has been organizing center and to coordinate the development of a
shown to occur. By a combination of embryo microsurgery, complete pluteus larva.

mMRNA injection and antisense morpholino experiments, we

show that expression of LvDelta by micromere descendants Key words: Delta, Notch, Sea urchin, Micromere, Induction,

is both necessary and sufficient for the development of two Mesoderm, Endoderm

INTRODUCTION Sherwood and McClay, 2001). This conserved pathway
controls many cell fate decisions in diverse animal embryos
The establishment and patterning of the three germ layers {reviewed by Artavanis-Tsakonis et al., 1999). In the sea urchin
the sea urchin embryo are regulated by a signaling cascade teatbryo, activation of the Notch signaling pathway causes
originates from the micromere descendants at the vegetal pa&cess non-skeletogenic mesoderm development, whereas
of the embryo (reviewed by Angerer and Angerer, 2000blocking the pathway causes severe deficiencies in the
Ettensohn and Sweet, 2000). The powerful signaling propertietevelopment of all non-skeletogenic mesodermal cell types
of micromeres were first reported by Horstadius, who showe(Sherwood and McClay, 1999).
that these cells can induce the formation of an ectopic The Notch signaling pathway is normally activated during
archenteron when recombined with animal blastomerethe blastula stages (Sherwood and McClay, 1999) and the
(reviewed by Horstadius, 1973). Micromeres are necessary apdesence of the micromeres is necessary for this activation,
sufficient for the development of the vegetal plate (Ransick ansuggesting that a signal from the micromeres might directly
Davidson, 1993; Ransick and Davidson, 1995), and this givexctivate the Notch receptor (Sweet et al.,, 1999). Providing
rise to the endoderm and non-skeletogenic mesoderm afrther evidence for this idea, a signal from blastula stage
expresses distinct molecular markers. Removal of micromeresicromere descendants (eight through tenth cleavage) is
results in a delay in endoderm and mesoderm developmesufficient to activate the Notch protein (McClay et al., 2000).
(Ransick and Davidson, 1995; Sweet et al., 1999). Micromergighth cleavage stage micromere descendants have signaling
removal also causes deficiencies in the development of certabilities, as micromere derivatives from this stage have a strong
types of mesoderm (Sweet et al., 1999), and micromergm®tential to induce animal cells to generate an archenteron
transplanted to ectopic regions induce ectopic non{Minokawa and Amemiya, 1999). These studies support the
skeletogenic mesoderm (Khaner and Wilt, 1991; Amemiyahypothesis that descendants of the micromeres activate the
1996; Sweet et al., 1999). This evidence indicates that a sigrdbtch signaling pathway during the blastula stage by providing
from the micromeres plays an important role in thea signal in the form of a Notch ligand.
development of non-skeletogenic mesoderm (Sweet et al., The purpose of this study is to examine further the molecular
1999). mechanisms of non-skeletogenic mesoderm specification. We
The Notch signaling pathway also plays an important roleloned and characterized the sea urchin homologue of Delta
in mesoderm specification during sea urchin developmerand found it to be expressed by micromere derivatives during
(Sherwood and McClay, 1997; Sherwood and McClay, 199%he blastula stage, and by macromere derivatives during later
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stages. Experiments with chimeric embryos demonstrate thagnthesized from the 291-bp LvDelta fragment (DIG-High Prime
micromere-derived LvDelta is necessary and sufficient fokit, Roche Molecular Biochemicals) and used to screen a
induction of pigment and blastocoelar cells, whereagnesenchyme blastula stage cDNA library (Guss and Ettensohn,
macromere-derived LvDelta is involved in the development o£997). Nylon membranes (Osmonics) were hybridized overnight
blastocoelar and muscle cells. In addition, we find that LvDelt§/th probe in DIG Easy Hyb (Roche) according to  the
expression is sufficient to endow blastomeres with the powerf rj]anu_factL_Jrers instructions. Positive plaques were identified using
inducti ties first ized by Horstadi th b.I.tlé:hemllumlnescence (Roche). One full-length cDNA clone was
inductive properties first recognized by Horstadius —the a ”Ys?lated and sequenced on both strands.
to act as an organizing center to coordinate the development o
animal cells into a pluteus larva. Northern blotting

Total RNA was isolated from embryos using Trizol. i@ of RNA

from each developmental stage was loaded onto a 1% agarose

MATERIALS AND METHODS formaldehyde gel, separated by electrophoresis and blotted onto
. Nylon membrane (Roche) using Turboblot (Schleicher and Schuell).
Animals A DIG-labeled antisense RNA probe was synthesized from the

Adult sea urchinslytechinus variegatysvere obtained from Jennifer LvDelta clone (base pairs 1-1927) using a T7 Megascript Kit
Keller (Duke University Marine Laboratory) and Susan Decker(Ambion) and was used to probe the RNA blot using DIG Easy Hyb
(Davie, FL, USA). Gametes were collected following intracoelomic(Roche). The RNA blot was developed using chemiluminescence
injection of 0.5 M KCI. Eggs were fertilized and raised in artificial (Roche).
sea water at 2€. ] S

In situ hybridization
Cell isolation and transplantation Whole-mount in situ hybridizations were carried out as described
Micromere removal at the 16-cell stage, animal cap isolation at the ®reviously (Zhu et al., 2001). The same probe used in the northern
cell stage, and cell transplantations were performed by hand usingaaalysis of LvDelta was used for in situ hybridization.

glass needle as described (Sweet et al., 1999). L
MRNA injection

Antibody staining The full-length LvDelta clone was linearized wi¥hol and used as
Antibody staining was performed as described (Sweet et al., 1999%. template to generaté Bapped mRNA using the T3 mMessage
Primary antibodies included 6a9 (Ettensohn and McClay, 1988) anaiMachine kit (Ambion). In addition, mRNA encoding a truncated
6e10 (Ingersoll, 1993) (both are markers for skeletogenic mesodernfprm of LvDelta was used as a control. Using the Quik Change Site-
SMC2 and SMC1 (a blastocoelar cell marker and a marker specifleirected Mutagenesis kit (Stratagene) a G-to-T point mutation was
for prospective secondary mesenchyme cells (SMCs) in the vegetaltroduced at nucleotide position 981, which generated an internal
plate, respectively) (Hodor, 1998; Sweet et al., 1999), Endol (adtop codon following amino acid 135. This mutation results in the
endodermal marker) (Wessel and McClay, 1985), anti-myosin (&anslation of a short, N-terminal fragment of the protein lacking any
muscle marker) (Wessel et al., 1990), and CAD-1 (an antibody againsignaling activity (Henderson et al., 1997). Truncated LvDelta mRNA
LvG-cadherin) (Miller and McClay, 1997). Secondary antibodieswas generated as described above. mRNA injection solution consisted
included fluorescein isothiocyanate (FITC)-conjugated goat antiof 20% glycerol, 0.5% RITC-dextran (Sigma) anqu@ul mRNA.
mouse IgM for SMC1, SMC2 and 6a9, Texas Red-conjugated godtertilized eggs were placed in a row onto protamine sulfate-treated
anti-mouse IgG for 6e10, and Cy3-conjugated goat anti-guinea pigetri dish covers and injected with 45-65 pg mRNA solution using
IgG for CAD-1 (Jackson ImmunoResearch Laboratories, Inc.). Picospritzer 1l (General Valve Corporation). Embryos were used for
The SMC2 antibody is specific for blastocoelar cells in the pluteufurther analysis only if they had four micromeres at the 16-cell stage.
larva; however, antibody staining with SMC2 is often prone to high L
background staining (Hodor, 1998; Sweet et al., 1999). To distinguisiorpholino injection
between SMC2-positive blastocoelar cells and background stainingyJorpholino antisense oligonucleotides were designed against
confocal microscopy was used to image whole larvae stained withvDelta sequence (EAAGAAGGCAGTGCAGCCGATTCGT-3
SMC2. In each confocatsection, blastocoelar cells were identified from —32 to —8 relative to the translational start codon) and produced
by SMC2 staining, cell morphology and location in the larva, anddy GeneTools, LLC. To account for possible nonspecific toxic effects
were counted. The total number of blastocoelar cells for a single larvf morpholino solution, a morpholino complementary to theJBR
is the sum of the blastocoelar cells counted from emsbction.  of the SpAristaless transcript (Zhu et al., 2001) was used as a control.
Images of SMC2 staining in Figs 5 and 8 correspond to one or twid is presumed that the sequence of SpAristaless is sufficiently

confocalz-sections. divergent from the sequence of LvAristaless mRNA because
_ SpAristaless morpholino causes a phenotypic effect when injected
Cloning of LvDelta into the eggs of. purpuratugC. A. E., unpublished observations)

A cDNA clone fromStrongylocentrotus purpuratusas originally ~ but not when injected into the eggs lof variegatus Morpholino
identified as a putative Delta or Serrate homologue, based on a sindjigection solution consisted of 3.5 mM morpholino, 20% glycerol and
sequencing reaction from théénd of the clone (Zhu et al., 2001). 0.5% RITC-dextran. Fertilized eggs were injected with 22-34 pl of
We sequenced and characterized the remainder of the clone am@rpholino solution.

verified that it was a homologue of Delf@=(x10-135 by BLAST

analysis). Because the SpDelta clone was incomplete, and because

L. variegatus offered certain technical advantages for future RESULTS

experiments, we cloned Delta frorh. variegatus To clone
LvDelta, total RNA was isolated from 8 hour (hatched blastula) Cloning and sequence analysis of LvDelta
variegatusembryos using Trizol (Life Technologies) and used as . . . .

template for RT-PCR with sequencing primers designed for SpDelt&€cause the Notch signaling pathway is involved in mesoderm
A 291-bp fragment was amplified and cloned into BluescriptSpecification (Sherwood and McClay, 1999) and because
SK (Stratagene). Sequencing confirmed that this fragment wa¥icromeres are required for activation of the Notch signaling
homologous to Delta. A digoxigenin (DIG)-labeled DNA probe waspathway (Sweet et al., 1999; McClay et al., 2000), we
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SP DSL EGF ™ ICD

B

LvDel t a AATTCGGCACGAGAAGT TTTGOGACT COGCACAAAAT ACTACT ACAGCACAGCTAAGT TGCATTCCCCAACAAGT GATAGCGT CAAACCAGGAATAATATCTATTTGGATTATACACTTC 120
SPDEI t @ === = === s e oo 0

LvDel ta CTTCTCACAGITGGAAAAGTAATTTTCGCGATTTCCTTAGT TTCTTCAAGCTTATTGTATGGCTGCTCTACGT TTTAGT TAGATTATACATCTATATTTTTGTAATATATATATTTTTAA 240
0 B R 0

LvDel t a TTGAGGAATATAATATTCGCAGTACTGTCAAAATTGACACTGTACT TGGGCAACGCGAGAACT TGCCATCGAT CAGT GACTAAAGTAGAT TGTCGCCCTCTCTTGAGATAATTTGI TCAT 360
0 R R R T 0

LvDel ta TTTATCCTCAAAACCAAGGCACGCGT GTGOGAGCT CTGAT TGGT CGECT TGT CACACT TATGGEGECGEEGECGT AGT AAMACGGAGAGT ACCCGAAAT GCAAT GACAAAGAGAGCAGATCGAG 480
SPDEI t @ === == === s m s oiiooooooooaoo-o- 0

LvDel ta CTGCT. AGAAGTTGAAA(IT CGCAGATAGAGT TGAGT GGAAGGAT TACCAAGAAAGGAATAACGAAT CGECT GCACT GCCT TCTTGGCGT GCTA TTTTTGGAAGTATGEGECGITTTA 600
SpDel ta CCACGCGTCCGCTCGCAGACTTGAG: - - - AGGACT! SGSTAAGAAA(EAATAACG’SQTCXIKXEACT GITTCTTG(X)GT GCTA TTTTTGGAACTATGEGCCGITTTA 106

LvDel ta CCT C-GAT?AATACAGTGATTTTTGCT CTGCATTGGATTAGCATTATTTCTAAGGT CACTACAGCT GCAGGGATATTCGAACT, A(XfCT GAACTCCTTTTCCAACGACCAAGCCAAGGATA 720
SpDel t a ACTGGAGTAATACAGTGATTTTTGCTCTGCAATGGAT TAGCAT TATTTCCAAGGT CACAACAGCT GCAGGGACAT TCGAACT TCGCCTCAACTCCT TTTCCAACGACCAAGCCAAGGATA 226

LvDel t a TCCATGGACAATGITGTACT GGAAATAATACAAGTACCGATCTCTGTGT TGGACCT TGCAGGACATATTTTACAGI GTGCTTGCTCCATTTTCTTCGT GAAATTCCCGATGAACCCTTGC 840
SpDel t a TCAATGGACAATGTTG- - - TGGGAATAATACAAGTACTGATCAGT GT GTCGGACCATGTAGAACATAT TTCACAGT GTGCTTGCTCCATTTTCTTCGCGAAATTCCCGAGGAACCTTTGC 343

LvDel t a CAGAACAATGCACATTTGACTTTCGGAATACATCTGI TTTGGGAGAAAATTCT TTTGAAGT TACTGATGGATTAATACAAATTGCT TTTGATATTGATTGGOCGGGTGACTTTTCACTTG 960
SpDel t a CAGGACAATGCACATTTGCTTTCCGGAATACATCAGT TTTGGGAGAAAAT TCTTTCGAAGT TCATGATGGATTAATACAAATTGATTTTGATATCGACTGGCCGOGTGATTTTTCACTCG 463

LvDel ta CCCTAGATGCCT GLACGAC(YAGA(LAG.‘A --------- ATGAT GGAGCT CGAAGBCGCCT TGAAT CGCT COGGEGT CCACAGGT CTCT GAACGCCAGCT CGGT GTGGTCAAACTTCACCT 1071
SpDel t a CCCTAGATGCCTGGCATGACGAGAGCAGCACAGGGT TCAAAGAT GGAAACCGAAGGCGCCT TGAAACCCT GOGAAT CCATAGAT CGT TGAACGT CAGCACGACCTGGTCCAACTATACTT 583

<

DSL
LvDel t a ACCOGACGGCATTGCACACGCTGGACTATTCGTATCGAGT GGT CTGOGCT GAGAACT TCTACGGGT CCAAGT GTCAAGAAT CCTGTACGCCT CAAGATGACATCTTCGGGCATTTCGTGT 1191
SpDel t a ACCCGACGTCGT TGCACACGCT GGACTACT CCTACAGGGT GGT GTGCGCTGAAACCT ACT ACGGGT COCAGT GTCGAGACGCCT GTATCCCGAAAGAT GACCTCTTTGGGCATTACTTGT 703

»
LvDel t a GCAATAACCAGGGT CAGAGGGTCTGCATGGAAGGAT GBGACGGT GTCT GG GT GATAAAGCOGT TTGT TCAGAGGAAT GTGT GCAT GGT TCCT GOGAT GAGOCCAACACTTGCAAATGOG 1311
SpDel t a GOGATAAAGATGGT GGGAGAGT CTGCAT GGACGGAT GGGAAGGCAACT GGT GOGAACAT GOCGT TTGT TCAGAAGGAT GT GTGCATGGT TCCTGCGACT CACCTAACTCCTGCAGGTGCG 823

LvDel t a ACAATGGGTACAAAGGAGCT GCATGCGACCAAT GCCAGACT TAT GAGGGCT GT GAACAT GBGACAT GCAACGAGCCAGGAGAT TGTATCTGT GACGAAGGCTGGGGAGGACTGCTATGTA 1431
SpDel t a ATAATGGGTACAAAGGAACAGCATGT GACCAAT GCGAGACCTACGCT GGCT GTGAGCAAGGGACT TGTACCGT ACCAGGGGAGT GOGT CTGCAAT GTAGGCT GGGGAGGACTCCTATGCG 943

LvDel t a CAACAGATTTAAACTACTGCACCAACCACCAACCATGCCTCAATGBOGCTACT TGCCAGAATGAAGGAAT CCTTGACTATCGATGCTACTGTACACCTCTATTCACTGGCCAGACATGCG 1551
SpDel t a AAAGAGATCTGAACTACT GCACCAACCAGCAT CCATGCATGAAT GGT GGAACGT GTCGCAAT GAAGGACCCCT GGGCT TCCAATGCTACTGT CTACCTAGCTTCACTGGACACACCTGTG 1063

LvDel ta AGACTGCTATAGCTTGCCCT TGCCTCAATGGAGGAACT TGCAGCAGT GGTCCCGACGGT TATACT TGCCT GTGT CCTGT TGGGCT GACGGGGGAT TTGT GOGAGAAGCAGGT TCCTAGAT 1671
SpDel t a AGACAGCAGAGACTTGTCCTTGCCTCAATGGAGGTACT TGCAGGAGT GGT TCT! GATéI(%IE ACACGTGCCTCTGT CCTGGTGGT TACACTGGGGAT TTATGCCAGACGCAGGTTCCTCGAT 1183

LvDel t a GOGAGTCAAACATGT GCATGAATGGCAGTACATGTAT GGAAACAT TTGATGGCTACCGCT GTGCCT GT CAAGAGGGT TACACGGGCACT CACTGTGAGATCCGTGACCATTGCTCTTCAT 1791
SpDel t a GTGACTCCAACATGT GCATGAATGGCAGCACATGT TCTGAAACAT TCGATGGCTACCGT TGT GOCT GTCAAGAGGGT TACACCGGCACT CACTGCGAGATCCGTGACCACTGCTCTTCAT 1303

LvDel t a CGCCTTGCCGCAATGGAGCTACATGCATCAACAACAACGT GBOCTACCAGT GTACAT GT CCAGAT GGCT TCOGCGGAGAT CAAT GT GAGGAGAACCT CTGTGCAACACGTGGATGICTAA 1911
SpDel t a CGCCTTGCOGCAACGGAGCTACATGCCTGAACAACAACGT GGCCTACCAAT GCAGAT GT CCAGAT GBCT TCCGT GGAGAT CAAT GTGAGGAGAACCTCTGOGCAACACATGGATGTGAAA 1423

LvDel t a ATGGTGGTACCT GCCGOGCGGAATCTGATTCAGT CCATTGT GAGT GTCCTCTCGGAT TTAACGGT GATCACT GCCAAAACAACAT CAACGACT GOGCCTCGTCACCT TGCAAGAACGGTG 2031
SpDel t a ACGGTGGTACCTGCCGOGCGGAAT CTGAT TCGGTCCAT TGTGAATGT CCTCGAGGAT TTAACGGT GATCACT GCCAGAACAACGT CAACGACT GCGTCGOGT CACCATGCAAGAACGGTG 1543

LvDel t a GAACTTGCTACGATTTGITGAATGACTACCGT TGTGAATGT GCCT TCGGAT TCGGCGGACCCAACT GTAGAGAT CACT TCACT GT TTGT GATGGAGACAACCCCTGTGCAAATGGAGGAA 2151
SpDel t a GAGTTTGCTTCGATTTGGTGAATGACTACCGT TGTGAATGT GCCT TCGGAT TCGBOGGACCCAACT GTAGCGATCATTTCACTGT TTGTGATGGAGACAATCCTTGTGAAAATGGAGGAA 1663
»

LvDel t a CGTGCCTACGAGAT GTGATGGGAGGT TTCATGTGTGAGT GCGOCGAAGGAT GGAGAGGTACAACAT GT ACACAGT CTACT GGT OCAGT CCAAACATCOGTACCTACT - - - GACTGGCAGC 2268
SpDel t a CCTGTCTGCAAGATGTAATGGGAGGAT TCATGT GOGAGT GT GCT GAAGGAT GGATAGGT ACAACAT GTACGCAATCGACT GGT! AAAGAG:AAA(‘AI_C'\C/lGAAQCTT CTACAGACTGGCAGC 1783
<

LvDel t a GTGGTTCACAACGGOCTAACATCCGBEGCTACCAGT TCACCTACCATTAAATTTGGATTATCAGATACCACT CAGCT GGT CATATACGT TGCTTTTGGATTATTGGTCATCGTGCTAGTCA 2388
SpDel t a GTGGTTCCCAACAGCCTAACCT COGT GCTACCAGT TCACCCAT CACCAACT TTGGAT TATCGGATACCAT GCAGCTGECTATCTACGT TGCTTTTGGATTATTGGTCATTGTGCTCGTCA 1903

»
LvDel ta TTATTCTGATAATTGTGGTGI ATAGAAAACAACAT CACCOCGACCCAAGGCAAAACGACCT GGAAT CAAATACAACAT CAACGOCAAAT AACAGGAATAGACATACATATAAAGACAATT 2508
SpDel t a TTATACTGATTATTGTAGTGTACAGGAAACAACAT CACCCT GATCCAAGACAAAACGACCT GGAAT CAAATACGACAT CGACACCAAATAACAGGAATAGGCACACATATAAAGACAATT 2023

LvDel t a TCTCACAGGAGGAAAAAGTACTGCCT CTCTTGAGCATAAGT GAAAAAGT GTGCAACAAAGAGCAGGACACATATAGCAAAGCAAAT TCGCAAAATACGT CGTCAGCTTTGCAACATAAAA 2628

SpDel t a TTTCGCAAGAGGAAAAAGTACTGCCTCTCTTGAGCATAAGT GAAAAAGT GT GCAACAAAGAGCAGGACACATATAGC 2100
LvDel t a CAAATCATTACTCAATTGAAGAGT ACGAAAGGCCGCCGCCT TCAAAGAACAAAAT GATGAT TATTCAAACT TCATCAAATAAGCATAAT GTGCCACAAGCAAGACATTCTTATCCGAGAA 2748
SpDel ta D 2100
LvDel t a AAGACTCAGATGAATATTATTATTATGATGAAAAACATGTGCAACT TCAGAGAACAGACT CTTTGCAAACGCCTAGCCAAAGCTCTTCTTCACAGAGT ACGCCTAGACACACGGGATCAT 2868
SpDel ta 2100
>
LvDel t a GTACAATCTCACAAATATCGGCTGTAGT CGAAGATAGT AGGEGAACGACAACGCCGACGT CTGT TGGATTAT TCGCAACT! mm@mmemmmmmrr GCAATATTA 2988
SpDel ta 2100
LvDel ta TTTTCTTCATGCGCTATGTATTCAACGCTAT TACCCACT GCCAAT GGAACAGCGCCGCT CATAGGAGGACACCCAAGGAGAGAGAT GGAGAGACT TGATAATTATTAAATGGAGGEOGCC 3108
SpDel ta 2100
Lv De: ta AAACTAATTGAATCTAAATAAATTTCTTTTAAGAAAAAAACAATTATCGOCACCAAAT TCTATGCACCGT TTAATCTTTCATGCCACACCAGGT TACCTGGT TGAAGCAGCTCTCATATC 3228
SpDel t a 2100
LvDel ta CATTTGTCTACAATTTTTTTGGAGATAAAAAGCCATTGTGTGCCTTTTTGGAAAGATAACAAGACT TATGATAAAGGAATTTAAATTATTGTGT TCTTTTACACGCAGCAATATTTAAAT 3348
SpDel ta 2100
LvDel ta GATTGTTATTGTTACCTGTAATTTGCAATCGACAATTTAAAT CATGATTATTCACACT TGAAGATCCAATAAAT CAGGCGCT CACCTACAATATTCCCAAAATCATGT TTCOGAAAAAAA 3468
SpDel ta 2100
Lv De: ta AACAAGACGAAAGAANGGGATAGAGAGACAAACCAGGATTCACCAAGT TCTTATTCTTGGCATTATTTCATCATTAAACT CTGTACAAAGT TACACGAAATGTGCTGTATCTGAAACATA 3588
SpDel t a 2100
Lv De: t a TAAACCAAAATATCCGGT TTTTTGCAAAACCGT TCAAAATTCTGAAGGCTAT TAGGAT GT TCAAGT CAGT GGGAGCT GTGT TGT GAAAAAGT GACAT TATAAATACCGGGGBCCAGAATCT 3708
SpDel t a 2100
LvDel t a TGOCAATTTCATTCAAAACTCGTGTAGNAAAATTCATGANCCGGTT 3754
SpDel ta 2100

Fig. 1. Structure of sea urchin Delta homologues. (A) Schematic of LvDelta protein. SP, signal peptide; DSL, Delta/Serrate/LAG-2 domain;
EGF, EGF repeats; TM, transmembrane domain; ICD, intracellular domain. (B) Nucleotide sequence of the LvDelta and SpDelta clones
Translational start and stop codons are boxed. Motifs common to Delta homologues are indicated. The site of the G-to-{Isatlitation
generate a premature stop codon and a truncated form of LvDelta is labeled with an arrowhead. The LvDelta clone coetipoig&AptHil
although the 3untranslated region was not completely sequenced. The SpDelta clone terminates in the region encoding the intracellular
domain. GenBank accession numbers for LvDelta and SpDelta are AY074791 and AY074792, respectively.
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< SP. > 1 00
MFFGTMGRFN\S‘NTVIFALQ WISII SKVTT AAGTFE'LRLNSFSNDQAKDI NGQCCGNN TSTDQCVGP@RTYFTVCLLHFLREIPEEPL PGQCTFAFRN
MFFGMGRFTWINTVIFALH WISII SKVTT AAGIFELRLN SFSNDQAKDI HGQCCTGNNTSTDLCVGPCRTYFTVCLLH FLREIPDEPL PEQCTFDFRN

M GQQRMLTLLM.SAVLCQILS CSGLFELRLQ EFVNKKGLLGNMNCCRRSE ASLQRC. EC KTFFRICLKH YQBNVSPEP. .. PCTYGGAV
~~~M GRFSALALAV VSALLCQV W SSGVFELKLQEFVNKKGLLGNRNCCRGE® PP... C.. AC RTFFRVCLKHYQASVSPEP. .. PCTYGAV
~~~~~~~~ MH WIKCLLTAFI CFTVIVQV. H SSGSFELRLK YFSNDHGRDNEGRCSGESD GATGKCLSC KTRFRVCLKHYQATIDTTS. .. QCTYGDVI

01 ’ 200
TSVLGEMNSFE VHDGL... ... IQIDF DIDWPRDBL ALDAWHDES TGFKDGNRRR. ETLRIHRS LNVSTTWBNY TYPTSLHTLD YSYRVVCAET
TSVLGEMSFE VTDGL.... ... IQIAF  DIDWPGDSEL ALDAWHDES ... NDGARRRL. ESLRVHRS LNASSVWNF TYPTALHTLD YSYRVVCAEN
TPVLGTNFV VPESSNA DP TFSNPIRFPF GFTWPGTSL IIEAIHAD SA DDLNTENPERLI SRLATQRHLTVGEQWBQD LHSSDRTELK YSYRFVCDEY
TPVLGVISFS LPDGAGI DP AFSNPIRFPF GFTWPGTSL IIEALHTD SP DDLATENPERLI SRLTTQRHLTVGEESQD LHSSGRTDLR YSYRFVCDEH
TPILGENSVN LTDAQRFQNKGFTNPIQFPF SFSWPGTBL IVEAWH DTN NSGNARTNKLLIQRLLVQQV LEVSSEWKTNKSESQYTSLE YDFRVTCDLN

201 DSL > < EGF 1 EGF 2
YYGQCRDACIPKDDLFGHY LCDKDGGRVMDGWEGNWERVESEGC.  VHGECBPNS CRCDNGYKGRCDQCETYAGEQGTCTVPE&ECVCNVGWGG
FYGSKCQESC TPQDDIFGHFVCNNQGQRVUIEGWDGVWGERAVCEEC. VHGECDEPNTCKCDNGYKGACDQCQTYEGEHGTCNEP®CICDEGWGG
YYGEGSEDYC RPRDDAFGHSCGEKGEKLONPGWKGLYCEPICLPGCDE HHGYCDKPGEKCRVGWQGRCDECIRYPGCLHGTCQQPWWCNCQEGWGG
YYGEGSVFC RPRDDAFGHH CGDRGEKMOPGWKGQYCDPICLPGCDDQHGYCDKPGEKCRVGWQGRCDECIRYPGCLHGTCQQPWWCNCQEGWGG
YYGGCAKFCRPRDBFGHS TCSETGEIC LTGWQGDYCHKCAKGCE . HGHCDKPN@VCQLGWKGACNECVLEPNCIHGTCNKPWICICNEGWGG

400

DGYTCLCPGG/'TG CGTQ\PRC[SNMCMN
LLCTTDLNYC TNHQPCLNGA CQNEGILDYRCYCTPLFTGQTCETAL AC ..... PCLNGGTGSGP.. DGYTCLCPVATGDLCEKQVPRCESNMCMN
LFCNQDLNYCTHHKPCENGACTNTGQSY TCSCRPGYTGSNCEIEVNECDA. NPCKNGGSCSD... LE NSYTCSCPPGFYGKNCEBA MTCADGPCFN
LFCNQDLNYCTHHKPCRNGA CTNTGQSY TCSCRPGYTGANCELEVDECAP..S PCKNGASCTD.. LE DSFSCTCPPGFYGKVCEBA MTCADGPCFN

LYCNQDLNYCTNHRPCKNGG CFNTGEGLYTCKCAPGSG DDCENENSC DADVNPCQNGTCIDEPHTK TGYKCHCANGSGKMCEEKM.TCSDKPC H

401 EGF5 b EGF 6 s EGF7_____ 50

GSTCSETFD ... GYRCACQEGYTG R. DHGS SPCRNGATCLINNNVAYQCR®DGFRGDQCENL. CATHGCENGGTCRABDSVHCECPR
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Fig. 2. Alignment of the predicted amino acid sequences of several Delta proteins. Amino acid sequences of Delta prdfeipsrizaratus

L. variegatusX. laevis,(Chitnis et al., 1995M. musculugBettenhausen et al., 1995) abdmelanogastefKopczynski et al., 1988) were
aligned using Pileup and Pretty in the GCG Wisconsin Package. Conserved domains are labeled. The mutation site usedrtmcrtieerate
LvDelta is indicated by an arrowhead.

characterized the sea urchin homologue of Delta, a ligand févDelta is expressed during blastula stages by
the Notch receptor. A putativd. purpuratushomologue of ~Mmicromere and macromere derivatives
Delta or Serrate was originally identified by us (Zhu et al.Developmental northern analysis showed that LvDelta
2001). We sequenced both strands of this clone and verifigchnscripts first accumulated between 4-6 hours after
that it encodes a homologue of Delta (Fig. 1). The SpDelttertilization; i.e. between the sixth and seventh cleavage stages
clone was not complete, however, as it terminated in thé-ig. 3A). Initially, only one transcript of approximately 5.3 kb
intracellular domain. We used information from the SpDeltavas present; however, a smaller transcript (about 4.8 kb) began
sequence to clone a full-length cDNA encoding the to accumulate by 8 hours, which was the time of greatest
variegatushomologue, LvDelta (Fig. 1). This cDNA clone is accumulation. After this time, transcripts decreased in
approximately 4.4 kb; however, theuhtranslated region was abundance and they were barely detectable by 24 hours (prism
not completely sequenced. stage). A comparison of the sizes of the LvDelta transcripts
LvDelta has a predicted open reading frame of 794 aminand the LvDelta cDNA (about 4.4 kb) suggests that the cDNA
acids. Alignment of the predicted amino acid sequence aforresponds to the smaller transcript. The larger transcript
LvDelta and SpDelta with other Delta homologues showed thatould be a result of alternative splicing of LvDelta or a product
both sea urchin proteins have the characteristic domaiof a closely related gene.
structure of Delta family members, including a signal peptide, In situ hybridization was used to determine the spatial
a Delta/Serrate/LAG-2 (DSL) domain, multiple EGF repeatsl|ocalization of LvDelta transcripts. Transcripts were first
a single transmembrane domain, and a C-terminal cytoplasmiletected in 5-hour embryos (7th cleavage stage) in a ring of
domain (Fig. 2). approximately eight cells surrounding about four unlabeled
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cells (not shown). The signal was stronger at later stages atfte large and small micromeres are the daughters of the
transcripts were consistently found in a ring of cells at thenicromeres from the 16-cell stage). At the mesenchyme
vegetal pole (Fig. 3B). This spatial pattern suggests that tHdastula stage to early gastrula stage (10-12 hours after
cells expressing LvDelta at this stage are the descendantsfeftilization), LvDelta transcripts were no longer detectable
the large micromeres that are found in a ring surrounding theith this assay in the micromere derivatives, which had
descendants of the small micromeres (at the 32-cell stagegressed to form primary mesenchyme cells. Transcripts were
detectable, however, in the central region of the vegetal
plate (Fig. 3C), which is composed mostly of macromere
descendants and gives rise to the non-skeletogenic mesoderm
(Ruffins and Ettensohn, 1996). Consistent with the northern
blot analysis, LvDelta transcripts were not detectable in 16
hour (midgastrula stage) embryos or at later stages (not

A -7.5kb

— - shown).
v The finding that micromere derivatives express LvDelta at the
UFE 16c 4h 6h 8h 10h 12h 16h 20h 24h % blastula stage is consistent with the hypothesis that LvDelta is

the micromere-derived signal that activates the Notch signaling
pathway and induces mesoderm. In addition, the expression of
LvDelta by macromere derivatives at later stages raises the
possibility that the protein has other developmental roles.

B Perturbation of LvDelta function affects mesoderm
development

To determine whether LvDelta is necessary for mesoderm
development, an antisense morpholino oligonucleotide
designed to interfere with endogenous LvDelta translation was
injected into fertilized eggs. Effects on mesoderm development
were assessed by morphology and by staining embryos with
a collection of mesoderm-specific antibodies. Mesenchyme
blastula-stage embryos were stained with SMC1, a marker for

Fig. 3.LvDeltais activated zygotically and is expressed transiently

during the blastula and early gastrula stages. (A) Developmental
northern blot. Total RNA (1Qg) from each of the stages indicated
was hybridized with DIG-labelled LvDelta RNA probe. Ethidium

prospective SMCs (Sweet et al., 1999) and pluteus larvae were
examined for the differentiation of pigment cells, blastocoelar
cells (SMC2 staining) and muscle fibers (anti-myosin staining).

bromide staining of the 18S rRNA bands served as a loading controfrg control for the possibility of non-specific effects of the

Molecular mass markers (kb) are indicated. A large transcript (5.3

kb) begins to accumulate by 6 hours after fertilization (seventh

cleavage). A second, smaller transcript (4.8 kb) accumulates by 8
hours after fertilization. Both transcripts decrease in abundance afte

LvDelta morpholino, embryos were injected with the same
concentration of an unrelated morpholino designed to block
SPAristaless function.

8 hours until they are barely detectable by 16 hours (gastrula stage). Puring gastrulation, control embryos produce SMCs at the
UFE, unfertilized embryo. (B,C) In situ hybridization. (B) At the late tip Of the archenteron (Fig. 4A). Following the injection of
blastula stage (8 hours), LvDelta is expressed in a ring of cells at thévDelta morpholino, however, archenteron formation was

vegetal pole. (C) At the late mesenchyme blastula/early gastrula

delayed and gastrula-stage embryos exhibited a very smooth

stage (12 hours), LvDelta is expressed by macromere derivatives inarchenteron with few SMCs apparent at the tip (Fig. 4B). In

the vegetal plate, but not by PMCs (large micromere derivatives;
arrowhead).

normal late blastula-stage embryos, SMC1 stains prospective
mesoderm cells in the vegetal plate (Fig. 4D) (Sweet et al.,

Fig. 4.Mesoderm development following manipulation of
LvDelta levels. (A-C) Gastrulation morphology in living
embryos; (D-F) Immunostaining of blastula stage embryos
with SMC1 (green), a marker for non-skeletogenic
mesoderm, and CAD-1 (red), which labels cell boundaries.
(A,D) In control embryos, SMCs ingress from the
archenteron during gastrulation. SMC1-positive cells are
evident in the central region of the vegetal plate at the
mesenchyme blastula stage. (B,E) Following injection of
LvDelta morpholino, gastrulation is delayed and few SMCs
ingress from the archenteron. SMC1 immunostaining shows
that there are few prospective mesodermal cells in the vegetal
plate (one SMC1-positive cell is visible in this embryo). (C,F)
Following injection of LvDelta mRNA, the archenteron
produces excessive numbers of SMCs and the vegetal plate
contains greatly increased numbers of SMC1-positive cells.
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overexpressing a dominant negative form of the
LvNotch receptor, based both on morphology and the
expression of mesodermal markers (Sherwood and
McClay, 1999). This suggests that, like LvNotch,
LvDelta plays a critical role in the development of non-
skeletogenic mesoderm.

To provide additional evidence that LvDelta plays a
role in mesoderm development, mMRNA encoding full-
length LvDelta was injected into fertilized eggs. As a
control, an equivalent amount of mMRNA encoding
a truncated form of LvDelta was injected.
Overexpression of full-length LvDelta caused excess
numbers of SMCs to form from the archenteron during
gastrulation (Fig. 4C). These cells were often expelled
into the surrounding sea water. Embryos injected with
full-length LvDelta mRNA also exhibited a greatly
expanded region of SMCL1 staining at the mesenchyme
blastula stage (Fig. 4F). Overexpression of full-length
LvDelta led to the development of large numbers of
pigment cells, blastocoelar cells and muscle fibers at
later developmental stages, while the control truncated
LvDelta mRNA had no significant effect (Fig. 5C,Fl;
Table 1). These studies show that overexpression
of full-length LvDelta and injection of LvDelta
morpholino lead to essentially opposite phenotypes.
Moreover, the Delta overexpression phenotype is very
Fig. 5. Later differentiation of mesodermal cells following manipulation of ~ Similar to that observed following hyperactivation of
LvDelta levels. (A-C) Pigment cells; (D-F) SMC2 staining (blastocoelar ~ the Notch signaling pathway through the expression of
cells are indicated by arrowheads; there is background staining in the a constitutive active form of the LvNotch receptor
ectoderm and endoderm, showing the outline of the larva and the midgut, (Sherwood and McClay, 1999).
respectively); (G-1) anti-myosin staining showing muscle fibers. (A,D,G)

Control pluteus larvae showing normal numbers of pigment cells, LvDelta functions differently in micromere

blastocoelar cells and muscle fibers. (B,E,H) Following injection of LvDelta and macromere descendants

morpholino, t_he resulting larvae _hav_e few_pigment cells, blastocqelar cells As LvDelta transcripts are expressed by both

and muscle fibers. (C,F,1) Following injection of LvDelta mRNA, increased : .

numbers of pigmen(t cells), clustersgof tJ)IastocoeIar cells and increased micromere and macromere descendants at d'ﬁefe“t
times during development, we examined the function

muscle fibers are apparent. of LvDelta in these different cells. Chimeric embryos
were generated such that LvDelta function was blocked
1999). SMC1-positive cells were rarely seen in embryosnly in micromere descendants, or only in mesomere and
containing LvDelta morpholino (Fig. 4E), however, indicatingmacromere descendants. To block LvDelta function
that mesodermal specification had been affected prior to ttepecifically in micromeres, the quartet of micromeres was
start of gastrulation. Fig. 5 (A,D,G) shows examples of theemoved from a normal embryo and replaced with micromeres
numbers of pigment cells, blastocoelar cells and muscle fibecontaining LvDelta morpholino and a lineage tracer (Fig. 6A).
typically observed in control embryos (quantitative dataThe resulting embryos developed few pigment cells and
are presented in Table 1). In embryos injected with LvDeltdblastocoelar cells compared to sham controls (Fig. 6B; Table
morpholino, few pigment cells, blastocoelar cells or muscl®). The same phenotype is observed following micromere
cells developed (Fig. 5B,E,H) (Table 1). Embryos injectedemoval (Sweet et al., 1999), supporting the hypothesis that
with a control morpholino exhibited nearly normal levels ofLvDelta is the micromere-derived signal involved in the
these mesodermal cell types (Table 1). Overall, embryodevelopment of these cell types. Normal levels of muscle fibers
injected with LvDelta morpholino closely resembled thosedeveloped in these chimeric embryos (Fig. 6C), however,

Table 1. Development of mesodermal cells following manipulation of LvDelta levels

LvDelta SpAristaless Full-length Truncated
morpholino morpholino LvDelta mRNA LvDelta mRNA
Controls injection injection injection injection
Pigment 80.3+28.3 (90) 6t14.3 (107) 93.4+17.9 (28) 133.7%#65.3 (75) 83.7431.4 (31)
Blastocoelar 72.1+17.0 (9) 3324.7 (17) 93.6+16.5 (6) 100£31.8 (8) 85.6+9.3 (5)
Muscle fibers 16.3+3.0 (56) }2.4 (34) 16.7+2.5 (22) 20.93.8 (24) 16.0+2.9 (6)

Values are means + s.d., with total number of embryos examined in parentheses.
Values underlined are significantly different from controls based on a two-statapte
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Fig. 6. LvDelta function is required in both micromere and
macromere derivatives. Cell transplantation was used to test the
effects of blocking LvDelta function in either the micromere
descendants or the macromere and mesomere descendants. (A-

C) Micromeres containing LvDelta morpholino and a lineage tracer

were combined with normal macromeres and mesomeres.
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consistent with other evidence that micromere signaling is not
required for muscle development (Sweet et al., 1999).

To test whether LvDelta functions in other cells of the
embryo, LvDelta function was blocked specifically in
mesomere and macromere derivatives. LvDelta morpholino
was injected into fertilized eggs, and at the 16-cell stage the
micromeres of these embryos were removed and replaced with
normal micromeres (Fig. 6D). Such chimeric embryos
developed pigment cells (Fig. 6E), demonstrating that
micromere-derived LvDelta is sufficient to induce this cell
type and that LvDelta function is not required in the
macromere or mesomere territories to respond to the signal
that regulates pigment cell specification. These embryos
developed reduced numbers of blastocoelar cells and muscle
fibers (Fig. 6F; Table 2), however, indicating that LvDelta is
required in macromere derivatives to generate these cell types.
As controls for the chimera experiments, parallel cell
transplantations were carried out using embryos that had been
injected with SpAristaless morpholino instead of LvDelta
morpholino. Results from the two types of control transplants
were combined and used for comparison with the
experimental embryos (Table 2).

LvDelta expression is sufficient for induction of
mesoderm and endoderm
The experiments described above demonstrate that micromere-
derived LvDelta is necessary for the induction of certain types
of mesoderm. To test whether LvDelta is sufficient to induce
mesoderm, fertilized eggs were injected with full-length LvDelta
mRNA and a lineage tracer, and at the 16-cell stage, single
mesomeres expressing LvDelta were transplanted to uninjected
hosts from which the micromeres had been removed (Fig. 7A).
To serve as a control, parallel transplants were performed using
mesomeres expressing the truncated form of LvDelta mRNA.
We scored the formation of pigment cells in these embryos
because this mesodermal cell type is the most dramatically
affected by micromere signaling (Sweet et al., 1999).

After transplantation of mesomeres expressing the truncated
form of LvDelta, the resulting embryos developed few pigment
cells (Fig. 7B; average 15.8+8). The transplanted mesomere

(A) Diagram of the experimental design. The resulting embryos haveontributed to the midgut, foregut (8/8; Fig. 7C) and coelomic

few pigment cells (B), but anti-myosin staining of muscle fibers

pouches (5/8) of the pluteus larva. This finding demonstrated

appears normal (C). (D-F) Macromeres and mesomeres containing
LvDelta morpholino and a lineage tracer were combined with norm
micromeres. (D) Diagram of the experimental design. The resulting

hat the transplanted mesomere, which would normally give
ise to ectoderm and possibly hindgut (Logan and McClay,

larvae produce many pigment cells (E) but few muscle fibers (F).

Table 2. Mesoderm development following elimination of
LvDelta function in micromeres or macromeres and

mesomeres
Micro LvDelta ML Normal Combined
macro+meso normal LvDelta ML Shams
Pigment 1.23.5 (15) 53.3+47.2 (15) 66.3+37.6 (21)
Blastocoelar 38.016.4 (4) 46.3t42.3 (6) 83.4£19.2 (10)
Muscle fiber 7.5+4.9 (2) 22.5 (5 9.9+2.5 (9)

Values are means * s.d., with total number of embryos examined in
parentheses.

Values underlined are significantly different from the combined sham
controls, based on a two-samplest.

1997), is induced by neighboring macromeres to generate more
vegetal cell types (Horstadius, 1973).

In the presence of a mesomere expressing the full-length
form of LvDelta, embryos developed many pigment cells (Fig.
7D; average 80.0=13). The transplanted mesomere gave rise
to endoderm (9/13) and coelomic pouches, as well as other
mesoderm (11/13; Fig. 7E). As the descendants of the
transplanted cell generated mesoderm, it is likely that the
Notch signaling pathway was activated within the clone of
the original transplanted cell. It is clear, however, that the
LvDelta-expressing cells also induced host cells to generate
mesoderm, including pigment cells, because many
mesodermal cells were not labeled with the RITC-dextran
lineage tracer (Fig. 7E). These results indicate that LvDelta is
sufficient to induce neighboring macromere derivatives to
develop mesoderm.

To explore further whether LvDelta-mediated signaling
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animal cap + mesomere

Fig. 7.LvDelta expressed by mesomeres is sufficient to induce
pigment cell formation by macromeres. (A) Experimental design.
Micromeres were removed from an unlabeled embryo to generate tt
host. Fertilized eggs were injected with the truncated or full-length
form of LvDelta mRNA and one mesomere was isolated at the 16-
cell stage and transplanted to the vegetal pole of the host embryo.
(B) A micromere(—) embryo recombined with a mesomere
expressing truncated LvDelta develops few pigment cells.

(C) Epifluorescence image of the larva in B demonstrates that the
transplanted mesomere contributes to the foregut and midgut. (D) A_ . . .
micromere(~) embryo recombined with a mesomere expressing full-Fi9- 8. LvDelta expressed by mesomeres is sufficient to induce

length LvDelta develops many pigment cells. (E) Epifluorescence ofanimal caps to develop mesoderm and endoderm. (A) Experimental
the larva in D shows that the transplanted mesomere contributes to design. To generate the host, an animal cap was isolated at the 8-cell

the foregut and mesoderm. Many mesodermal cells do not contain Stage. Fertilized eggs were injected with the truncated or full-length
the lineage tracer and were derived from host tissue. form of LvDelta mRNA and one mesomere was isolated at the 16-

cell stage and transplanted to the vegetal pole of the animal cap.

(B) An animal cap recombined with a mesomere expressing
. .. . . . truncated LvDelta develops into a hollow ball of ectoderm.
is sufficient for mesoderm induction, single mesomereyc) gpifluorescence image of the larva in B demonstrates that the
containing full-length or truncated LvDelta mRNA were transplanted mesomere contributes to the epithelium. (D) An animal
transplanted to animal caps isolated at the 8-cell stage (Ficap recombined with a mesomere expressing full-length LvDelta
8A). Animal caps combined with a mesomere expressindevelops into a pluteus larva. (E) Epifluorescence of the larva in D
truncated LvDelta rarely gastrulated (1/12) and usually formeshows that the transplanted mesomere contributes to the foregut,
hollow balls of ectoderm (Fig. 8B) in which the transplantecmidgut and mesoderm, though some endoderm and mesoderm is not
mesomere contributed to the epithelium (Fig. 8C). In contraslabeled with the lineage tracer. These larvae develop blastocoelar
animal caps recombined with a mesomere expressing fulC€!lS (F) and skeletogenic cells (G).
length LvDelta, usually gastrulated (10/15) and frequently
developed into miniature plutei (6/15; Fig. 8D). These plute
contained blastocoelar cells (Fig. 8F), skeletogenic cells (Fidgransplanted LvDelta-expressing mesomere induced host cells
8G) and pigment cells (average 4.2 ceisl5; not shown). In  to generate these cell types.
embryos that gastrulated, the descendants of the transplanted’ hese blastomere transplantation experiments clearly show
mesomere formed endoderm (9/10) and mesoderm (8/10; Fidhat LvDelta-mediated signaling is sufficient to induce
8E). The finding that some derivatives of the LvDelta-macromeres and mesomeres to develop mesoderm and
expressing mesomere generate mesoderm suggests that Naokdoderm. Expression of LvDelta is sufficient to endow
signaling is activated within the clone of the transplanted celblastomeres with properties of an organizer; i.e. the ability to
Endoderm and mesoderm also developed from unlabelddnction as a signaling center that can coordinate the
host cells (Fig. 8E), indicating that the descendants of thdevelopment of an animal cap into a pluteus larva.
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been proposed that this domain might function to cluster Delta
in the cell membrane. It is also possible that the ICD in
Drosophila Delta is important for the endocytosis of Delta,
which appears to be a critical part of the signaling process in
this organism (Parks et al., 2000). G elegans although
membrane association is required for signaling, the ICD is
dispensable (Henderson et al., 1997). The unusual degree of
conservation seen between the SpDelta and LvDelta ICDs
suggests that this domain has an important functional role in
the sea urchin.

Fig. 9. Model for Delta/Notch signaling in the sea urchin embryo. . . . .

There appear to be at least three roles for Delta/Notch signaling ~ LvDelta is the micromere-derived signal that
during early development. (A) Blastula stage (eighth-tenth cleavage activates Notch and induces non-skeletogenic
stage). Micromere derivatives (red) express LvDelta (arrows), and mesoderm

activate the Notch protein in neighboring cells to promote the ~  previous studies have shown that a signal from the micromere
specification of pigment cells and blastocoelar cells in the region thadescendants activates Notch in the central region of the
will become the non-skeletogenic mesoderm territory (pink). overlying macromere territory and induces mesoderm (Sweet

(B) Mesenchyme blastula stage to early gastrula stage. Prospective . ;
nonskeletogenic mesoderm (pink) in the vegetal plate expresses etal.,, 1999; McClay et al., 2000). Several studies suggest that

LvDelta (double-ended arrow) to promote the development of the key signaling interaction occurs at the blastula stage,
prospective muscle cells and blastocoelar cells. LvDelta expressionbetween the eighth and tenth cleavages (Minokawa and
by these cells may also activate the Notch protein in neighboring  Amemiya, 1999; McClay et al., 2000) (H. C. Sweet and C.
cells (single arrows from pink to yellow), promoting the developmentA. Ettensohn, unpublished observations). We find that
of prospective endoderm (yellow). Delta/Notch signaling also resultsmicromere derivatives express LvDelta during the blastula
in the expr.ession of a secondary signal (arrows entirelly within the stage, at the time when these cells are known to provide a
yellow region) that promotes endoderm development in more a“'mahwesoderm—inducing signal. Moreover, our morpholino and
cells (Sherwood and McClay, 2001). mRNA overexpression studies show that LvDelta function is
both necessary and sufficient for mesoderm induction. The
phenotypes of embryos described in this study are strikingly

DISCUSSION similar to those observed following expression of dominant-
] negative and activated LvNotch constructs (Sherwood and
The LvDelta protein McClay, 1999). The effect of blocking LvDelta function in

Delta and Serrate (Jagged) proteins represent the two majbie micromeres closely resembles the effect of removing the
known classes of Notch ligandsbimosophilaand vertebrates. micromeres, in that there is a reduction in the number of
The SpDelta and LvDelta proteins described in this work arpigment cells and blastocoelar cells but little or no effect on
clearly members of the Delta family. Serrate family membershe development of muscle cells. Taken together, our findings
contain a larger number of EGF repeats (14-16) and includesarongly support the hypothesis that LvDelta is the
cysteine-rich region near the transmembrane domain, which micromere-derived signal that activates the Notch signaling
lacking from SpDelta and LvDelta proteins (Lissemore ancpathway and results in the development of non-skeletogenic
Starmer, 1999). Vertebrate homologues of Delta typicallymesoderm.
contain eight EGF repeats, wher&ssophilaDelta has nine
EGF repeats. LvDelta and SpDelta each contain nine EGEvDelta and LvNotch play an additional role in
repeats, suggesting that one repeat may have been lost at sérieromere-independent mesoderm development
point along the chordate evolutionary lineage. This hypothesisollowing the removal of the micromeres, some mesoderm
could be explored further by determining the number of EGEmostly blastocoelar cells and muscle cells) develops. This
repeats in the Delta proteins of non-vertebrate chordatesiggests that there is a micromere-independent pathway
(amphioxus and tunicates) and hemichordates. Becauselemding to mesoderm development. The micromere-
putative Delta/Serrate duplication probably preceded th@ndependent mesoderm pathway probably involves Notch
divergence of protostomes and deuterstomes, it is likely thaignaling because the elimination of Notch function essentially
echinoderms also possess at least one Serrate gene. eliminates all mesoderm development (Sherwood and McClay,
The two sea urchin homologues of Delta described her£999). We propose that the micromere-independent pathway
show 100% amino acid identity in the intracellular domainalso involves LvDelta. LvDelta transcripts are found in
(ICD). Broader phylogenetic comparisons suggest, howevemacromere derivatives within the vegetal plate domain of
that the ICD is generally one of the least conserved domainke mesenchyme blastula-stage embryo. More significantly,
of Delta (Lissemore and Starmer, 1999). The functions of thelimination of LvDelta function in macromeres results in a
ICD are unclear and may vary among Delta/Serrate/Lag-8evere effect on blastocoelar cell and muscle cell development,
(DSL) proteins (see Henderson et al.,, 1997). There ia result similar to that observed following the elimination of
considerable evidence that soluble, monomeric Delta proteiNotch function throughout the embryo (Sherwood and
cannot signal and that clustering of the proteins is required fancClay, 1999). This evidence supports the idea that
signaling (Varnum-Finney et al., 2000). Kenopusand Delta/Notch signaling occurs among macromere descendants
Drosophila the ICD is essential for Delta function (Chitnis etin the vegetal plate, mediating the specification of blastocoelar
al., 1995; Sun and Artavanis-Tsakonas et al., 1996) and it hasd muscle cells.
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Delta/Notch signaling and endoderm development possibility is that the LvDelta-expressing cells act like

Although Delta/Notch signaling clearly plays a critical role micromere derivatives, inducing neighboring host cells (as
in mesoderm induction, the role of this pathway in endoderrivell as some cells derived from the transplanted mesomere)
development is less clear. Activation of the Notch pathway i0 form pigment and blastocoelar cells, and entraining a
animal blastomeres is sufficient to induce ectopic endodermormal cascade of signaling interactions that patterns the
and Notch signaling normally plays a role in positioning theanimal tissue. There is evidence that activation of Notch
ectoderm-endoderm boundary (Sherwood and McClay, zooggnallng shifts the endoderm/ectqderm boundary towar_d the
(see below). Notch signaling does not appear to be necess&@gimal pole through the production of a secondary signal
for endoderm specification, however (Sherwood and McClaySherwood and McClay, 2001). Sherwood and McClay found
1999). We report similar findings; expression of LvDelta byno evidence, however, of the activation of a secondary, non-
mesomeres is sufficient to induce animal cells to formRutonomous signal when Notch signaling was activated
endoderm, but suppression of LvDelta function throughouspecifically in animal cells. These two observations suggest
the embryo does not block endoderm development. It is néfat Notch signaling might act differently in animal and
known whether endoderm specification in such embryo¥egetal cells. It will be important to compare the effects of
occurs by a normal mechanism or by an alternative pathwaanipulating of Delta/Notch signaling on the expression of
Further analysis of the timing and pattern of expressioflownstream regulatory molecules (Brachyury, Wnt-8, etc.) in
of various endodermal gene markers should elucidate th¥ggetal cells and animal cells.

point. The present results suggest, however, that the normal

role of Delta/Notch signaling in the vegetal blaStomeresiDatterning via Delta/Notch signaling: an overview

may be limited to establishing the mesodermal domai . . . )

within the vegetal plate and, possibly as a consequencB€!@/Notch signaling appears to be involved in at least three
shifting the position of the prospective endoderm toward thg!gnal!ng events in the sea urchln embryo (Fig. 9). The .f'rSt
animal pole. Signaling event takes place during the blastula stage (eighth

It remains possible that the experimental methods usedJEroth tenth cleavage dwisions), as LvDelta is expressed in

block Delta/Notch function are not completely effective and'¢ arge micromere territory and activates the LvNotch
that low levels of Delta/Notch function are sufficient to ccePtor In neighboring macromere descendants (Fig. 9A).

mediate endoderm specification. The normal expressio-ﬁhis results in the activation of a mesodermal developmental
patterns of LvDelta and LvNotch are consistent with thep""thw"’ly specifically promoting the development of pigment

possibility that Delta/Notch signaling might be involved in cells and blastocoelar cells. In the second signaling event,

normal endoderm development. At the mesenchyme blastu"c}/Delta is expressed by macromere derivatives in the vegetal
stage, vegetal plate cells express LvDelta and Cel:EFate at the mesenchyme blastula and early gastrula stages

surrounding the vegetal plate express apical LvNotc ig. 9B; double arrow). We speculate that this second phase

(Sherwood and McClay, 1997). It is unclear whether the Deltgf Delta expression is independent of micromere signaling,

morphoino and Notch dominant negave consnuct ard (17 42 e 7ot Ve e e ety Suoresson o
effective at this relatively late stage, although our chimeri 9 9 gp y

embryo experiments argue that Delta function in th he macromere territory but now, perhaps as a result of

macromeres at later stages is suppressed by the morpholifganges in cell competence, stimulates a developmental
as assayed by effects on muscle cell development. pathway that specifies muscle cells as well as blastocoelar

cells. As LvNotch is downregulated in the vegetal plate at this
stage (Sherwood and McClay, 1997), it is possible that the
Delta/Notch signaling in animal blastomeres second inductive event occurs only in cells at the periphery of
In a series of classic experiments in experimental embryologifie vegetal plate that still express LvNotch protein. During the
Horstadius demonstrated the organizing ability of thdhird event, which may occur at the same time as the second,
micromeres by transplanting the micromeres to the animal pof€!ls in the vegetal plate express LvDelta and activate
of the embryo and demonstrating the induction of a secondakyNotch in adjacent cells (Fig. 9B; single arrows). This
archenteron and skeletal organizing centers (reviewed B{Cruits cells at the periphery of the vegetal plate into the
Horstadius, 1973). Horstadius also transplanted micromeres gdoderm and shifts the position of the endoderm/ectoderm
animal caps and found that micromeres can induce these ceff9undary toward the animal pole, possibly via the production
which would normally make only ectoderm, to form a©f & secondary signaling molecule such as Wnt-8 (see
complete pluteus larva. These results have been repeated argerwood and McClay, 2001). To gain additional evidence
extended by many others (e.g. Khaner and Wilt, 1991; Ransi@ther for or against this framework of a model it will be
and Davidson, 1993; Amemiya, 1996; Sweet et al., 1999). Hefeecessary to develop means of detecting and manipulating
we report for the first time that the expression of one signalingelta/Notch signaling within the vegetal plate with even
molecule can endow sea urchin blastomeres with powerfulieater spatial and temporal resolution.

organizer-like properties. We cannot exclude the possibility

th.at there are mul_tlple_ signaling molecules pr(_)duced b)f;enerously providing antibodies; Dr Gary Skuse and Dr David Lawlor
MICTOMEres, bUt. signaling by . LvDeIta_ alone is clearlyfor help with the Wisconsin Package and the alignment of Delta
sufficient to entrain the repatterning of animal blastomeres tQomojogues; and Michele llies and Heather Weitzel for providing
give rise to an organized pluteus. invaluable advice throughout the course of this project. This work

The mechanism by which LvDelta-expressing cells mediat@as funded by NIH Grant HD24690 and NSF Grant IBN-9817988
their organizing influence remains to be determined. On¢C. A. E.).
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