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Summary

New secondary mesenchyme specific genes, expressesgynthase gene clustempks-g9; three different members of
exclusively in pigment cells, were isolated from sea urchin the flavin-containing monooxygenase gene familyfnio);
embryos using a differential screening of a macroarray and a sulfotransferase genes(lt). Using whole mount in
cDNA library. The comparison was performed between situ hybridization, it was shown that these genes are
MRNA populations of embryos having an expansion of the specifically expressed in pigment cells. A functional
endo-mesodermal territory and embryos blocked in analysis of theS. purpuratus pksand of oneS. purpuratus
secondary mesenchyme specification. To be able to isolate fmo was carried out using antisense technology and it was
transcripts with a prevalence down to five copies per cell, shown that their expression is necessary for the
a subtractive hybridization procedure was employed. biosynthesis of the sea urchin pigment echinochrome. The
About 400 putative positive clones were identified and results suggest thatS. purpuratus pks fmo and sult could
sequenced from the 5end. Gene expression analysis was belong to a differentiation gene battery of pigment cells.
carried out on a subset of 66 clones with real time

quantitative PCR and 40 clones were positive. This group

of clones contained sequences highly similar to: the Key words: Sea urchin, Pigment cells, Mesoderm specification,
transcription factor glial cells missing @cm); the polyketide ~ SMC, Notch signaling, Macroarray

Introduction Tamboline and Burke, 1992). The muscle cells originating

A detailed understanding of the molecular and cellulaf™o™m the SMCs form the circumesophageal muscles (Burke
mechanisms underlying pigment cell specification in se&nd Alvarez, 1988). Coelomic pouches derive from SMC and
urchin embryos will first require isolation of the genessma" micromere descendents and they evert from the side of
responsible for this developmental process. In sea urchifi€ archenteron tip at late gastrula (Gustafson and Wolpert,
embryos, cell fate specification occurs very early inl963). . . i
development. By blastula stage, different embryonic territories SMCs are specified at the blastula stage during the eighth to
can be identified: the small micromeres, the large micromerdgnth cleavage stages (Horstadius, 1973; Cameron et al., 1991;
or primary mesenchyme cell (PMC) precursors, the Vegetguﬂ:lns and Ettensohn, 1993; Ruffins and Ettensohn, 1996;
plate territory that will give rise to both the secondarySherwood and McClay, 1999; McClay et al., 2000). Several
mesenchyme cells (SMCs) and endoderm, the oral and abofé¥dies have proven that micromeres have the ability to induce
ectoderm (reviewed by Davidson et al., 1998; Angerer anthe specification of the endo-mesodermal territory (Horstadius,
Angerer, 2000; Ettensohn and Sweet, 2000). The central regid939; Ransick and Davidson, 1993; Minokawa and Amemiya,
of the vegetal plate is specified as SMCs, while the regioh999; Sweet et al., 1999; McClay et al., 2000). Notch (N)
around the SMCs is specified as endoderm (Ruffins angignaling from the micromeres to the SMC precursors has been
Ettensohn, 1993; Ruffins and Ettensohn, 1996). proven to be necessary for the differential specification of
SMCs give rise to four cell types: pigment cells, blastocoelapresumptive SMC and endodermal territories (Sherwood and
cells, circumesophageal muscle and coelomic pouch celldcClay, 1999; Sweet et al., 1999; McClay et al., 2000). It has
(Cameron et al., 1991; Ruffins and Ettensohn, 1996). Pigmeaiso been shown that LiCl treatment of embryos, which
cells are the first SMC type to migrate into the blastocoel @xpands both presumptive endoderm and mesoderm territories,
the early gastrula stage and by pluteus stage they are embedgbts the boundary of the N receptor localization towards the
in the ectoderm (Gustafson and Wolpert, 1967; Gibson angnimal half of the embryo (Sherwood and McClay, 1997).
Burke, 1985; Kominami et al., 2001). The pigment producedoreover, the N ligand, Delta (DI), has been recently shown
by pigment cells is a naphthoquinone called echinochromt® be expressed in PMC precursors during blastula stage and
(McLendon, 1912; Kuhn and Wallenfells, 1940; Griffiths, to activate the N signal to the SMC precursors (Sweet et al.,
1965). The other SMC types generally delaminate from th&002; Oliveri et al., 2002).
archenteron tip during gastrula stage. Blastocoelar cells are Only a few genes expressed in pigment cells have previously
fusiform cells wandering in the blastocoel (Burke, 1978been isolated: the transcription factdieix (Martinez and
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Davidson, 1997) andiot (Peterson et al., 1999), the actin- electrophoresis. Twpl of the size-selectate cDNA was then amplified
binding profilin (Smith et al., 1992; Smith et al., 1994) and anby 20 cycles of PCR using the biotinylated BT-LT7PRIMER and the
uncharacterized geng89(Miller et al., 1996). The expression linker primer. The (+)-strand cDNA selectate was prepared from the
of the known pigment cell genes begins at late blastula at tiénPlified CONA as described elsewhere (Rast et al., 2000).
earliest, and their expression is not always restrictegh. .. preparation

excluswelg_to Fhe S';/IC Illlneag(]je_. Intﬁ rescl\(ilrg study,_da Qt).(?_ng 62 zygotes were injected with DnN mRNA to provide mRNA for
expressed In pigment celfis and in other S was 1aentimefie qriver preparation and for the dnN unsubtracted probe preparation

from a cDNA library from late gastrula embryos (Shoguchi e{gee pelow). Polyadenylated RNA was isolated from total RNA with
al., 2002). It is not known yet if this gene is expressed earligsoly-T(,5) magnetic beads (Dynal, Lake Success, NY). Double-strand
than late gastrula. In other recent studies, some pigment CelbNA was synthesized from the isolated mMRNA as described for the
specific genes were identified through macroarray screeningelectate. To allow PCR amplification, a linker, different from the one
the transcription factoglial cells missing(gcm) (Ransick et used in the selectate preparation, was ligated to the cDNA according
al., 2002), a cAMP-dependent protein kinasmpR, a o Rastetal. (Rastetal, 2000) but with the following exception: the
dopachrome tautomerase-lildopf andP1103 a functionally short _ollgonucleotldc_e used fo_r t_he linker had' ar®ino modifier Cs__
uncharacterized gene (Rast et al., 2002). CPG_ instead of a dideoxycytidine. Half _of the cD_NA was amplified
In this work, a large-scale screen to isolate genes involve six cycles of PCR under the following conditions: 94°C for 5

. ; SO .~ . minutes followed by six cycles of 94°C for 30 seconds, 57°C for 1
in the pigment cell specification was undertaken. To maximizg,. e and 72°C for 5 minutes. and a final step of 72°C for 10

the efficiency of the gene discovery, we screened a hatchgQnytes. The (-)-strand RNA driver was prepared from the amplified

blastula cDNA macroarray library of sufficient coverage tocpNA by transcription using a Megascript T7 RNA polymerase kit
contain most expressed genes (Cameron et al., 2000) and ggnbion, Austin, TX).

employed a subtractive hybridization procedure that allows the One quarter of the cDNA ligated to the linker was amplified by
identification of low-prevalence transcripts (Rast et al., 2000gight cycles of PCR using the same conditions described above. The
About 400 cDNA clones were isolated and sequenced. A grougnplified cDNA was used as template to synthesize the radiolabeled
of these genes was characterized for temporal and spat INA driver probe for the macroarray filter hybridization (see below).
expression th_rough real Fime _quanti"tatiye PCR (QPCR)_B,‘ngubtractive hybridization

whole-mount in situ hybridization. Six pigment cell specific
genes were identified. Two of these genes were functional

. . of (+)-strand cDNA selectate an of (-)-strand RNA driver
characterized and the results suggest that they are required ) 4 of ()

%pseudo-first order subtractive hybridization was performed with 100
fa 10pl volume of 0.34 M phosphate buffer (PB) pH 6.8, 0.05%

the biosynthesis of the echinochrome pigment. SDS at 65°C for 40 hours (drivept€2.40<102). Two bacteriophage
A single-stranded DNA sequences of 500 tgnd A2) were each
Materials and methods added to the selectate at a concentration equivalent to 5 copies/average
embryo cell, as a control for the subtractive hybridization efficiency.
Embryo culture The same linker and T7 sequences present in the selectate were added

Gametes were collected from adult sea urch#grpuratug and  to theA sequences.
after fertilization embryos were cultured at 15°C in filtered sea water After  subtractive  hybridization, hydroxylapatite  (HAP)

containing penicillin 20 U/ml and streptomycin f@/ml. chromatography was performed to separate single strand sequences,
L . unique to selectate, from double-strand sequences (common to
DnN mRNA injection and LiCl treatment selectate and driver). This was performed using a small-scale

DnN mRNA was synthesized in vitro from the construct I$N adaptation of the HAP chromatography described by Britten et al.
(Sherwood and McClay, 1999) using the mMessage mMachine k{Britten et al., 1974). The chromatography bed volume was reduced
(Ambion). Free nucleotides were removed through Sephadex-G80 200ul in a water-jacketed column with internal diameter of 0.6 cm
Quick Spin Columns (Boehringer Mannheim). Injection was carriecand a reservoir volume of 2 ml. The HAP chromatography was
out as described previously (Mao et al., 1996) with 3-6 pg/zygote gierformed at 0.12 M PB, pH 6.8, 0.05% SDS at 60°C. Single-stranded
MRNA (Sherwood and McClay, 1999). To check for the efficiency ofnucleic acid was eluted with 6 ml of 0.12 M PB, pH 6.8, 0.05% SDS
the N signaling block, embryos were observed at mid-gastrula stagsd double stranded with the same volume of 0.5 M PB, pH 6.8,
(36 hours), when SMCs delaminate from the archenteron tip in normal05% SDS. From tests done earlier it was observed that about 90%
embryos. Pigment cell number was scored on pluteus stage embryafsthe single stranded and double stranded nucleic acids were eluted
(72 hours). LiCl treatment was performed as described (Ransick et ah, the first 2 ml. Therefore, 2 ml of the 0.12 M PB and 0.5 M PB
2002). Embryos were collected at 19 hours (hatched blastula stagedlutions were desalted and concentrated with Centricon YM-30
) ) centrifugal filter devices (Millipore, Bedford, MA) followed by drop
RNA isolation dialysis on a 0.025m filter (Millipore, Bedford, MA). The single-
Hatched blastula embryos were dissociated in RNA STAT-60 and totatranded fraction was amplified by nine cycles of PCR and was used
RNA was isolated following the manufacturer's procedure (Leeddo synthesize a radiolabeled RNA probe (see below).
Medical Laboratories). Polyadenylated RNA was isolated from total ) ] ]
RNA with Poly-T;zs) magnetic beads (Dynal, Lake Success, NY). Probe preparation and macroarray cDNA library filter
hybridization

Selectate preparation A 20 hour cDNA macroarray library was spotted onto Hybond N+
Selectate was prepared from LiCl-treated embryos. Polyadenylatetylon filters (Amersham, Pharmacia Biotech, Piscataway, NJ) by a
RNA was isolated from 8fig of total RNA with Poly-Tzs) magnetic ~ QBot robot (Genetix, New Milton, UK).
beads (Dynal, Lake Success, NY). The mRNA isolated was used for The subtracted radiolabeled RNA probe was synthesized by
the synthesis of double-stranded cDNA as described by Rast et &lanscription from the minimally amplified single stranded fraction
(Rast et al., 2000). using a MAXIscript T7 kit (Ambion, Austin, TX) in the presence of

A linker was ligated to the cDNA to allow PCR amplification (Rast[a32P]JUTP. The unsubtracted RNA radiolabeled probes were prepared
et al., 2000). A 600 to 800 bp cDNA was size selected by agarose galthe same way from 19 hour LiCl-treated and dnN-injected embryo
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amplified cDNA. Between 2 and 2§ of B%diolabeled RNA probes Results

with a specific activity of approximatelyk10° cpmfug were obtained. . : . .
Filter hybridization was carried out as described in Rast et al. (Ra[%lf_ferentlal.Screenlng of bla.s.tula macroarray library

et al., 2000). The same set of filters was used for the thre%’ isolate pigment cell specific genes

hybridizations to eliminate the effect of colony growth differencesln order to isolate the genes activated during pigment cell
between filters. Hybridized filters were exposed to phosphor screespecification, a large-scale differential screening was
for about 48 hours and then scanned at 100 resolution undertaken using af purpuratuscDNA macroarray library
(Phosphorimager Storm 820; Molecular Dynamics, Sunnyvale, CA)ymade from hatched blastula stage embryos. The differential
screening involved the comparison of the transcript population
Digital images of the hybridized filters were analyzed with thecr::eleg(lj(ta';(?nEl;?(tje?mg:y()(ls—igggg;giﬂzviga;;g)aar?;g? gtf ;Te iggg
program BioArray (Brown et al, 2002). Normalization over y ' ’ N ’

background was calculated as the ratio between the spot intensig€wood and McClay, 1997), and dnN-expressing embryos,

Macroarray filter analysis

quantile 80 and quantile 20 values of each block. which are blocked in SMC specification (Sherwood and
_ McClay, 1999). Overexpression of a dominant-negative form
Sequencing of the N receptor (dnN) practically eliminates the formation of

The 5-ends of the selected cDNA clones were sequenced using ABligment cells and severely reduces the formation of
prism BigDye Terminator Cycle Sequencing with an ABI 377p|astocoelar cells, circumesophageal muscles and coelomic
sequencer (Applied Biosystems, Foster City, CA). Clohend pouch cells (Sherwood and McClay, 1997; Sherwood and
sequences were compared to the nonredundant GenBank usi Clay, 1999). Transcripts need to be present at 40-50
BLASTX (Altschul et al., 1997). - ) '

copies/average cell to be detected by complex probe
Real-time quantitative PCR hybridization on macroarray filters. Most transcripts though are
Real-time quantitative PCR (QPCR) was performed using the SYBRresent at lower prevalence in the sea urchin embryo,
Green system (PE Biosystems, Foster City, CA) on an ABI 5700 Rea@specially those encoding transcription factors (Davidson,
Time PCR machine (Rast et al., 2000). To measure the efficiency d086). By using subtractive hybridization technology, the
the subtractive hybridization, normalized measurements of theomplex probe was enriched for sequences that are
prevalence of tha sequences in the before and after HAP fractionsdifferentially expressed, allowing the identification of
were carried out as described previously (Rast et al., 2000). transcripts expressed at about five copies per average cell (Rast

After the macroarray screen, QPCR analysis was performed {gy 5 '2000). The subtractive hybridization reaction was carried
verify that the positive clones were in fact differentially expressed

First strand cDNA was synthesized from LiCl-treated, an-injecteoDUt. using a selectate prepared f.rom LiCl-treated embrygs,
and normal 19 hour embryo total RNA by random primed reversi/Nich contain the sequences of interest (the SMC specific
transcription (TagMan RT, Roche ABI). Primer sets were designeéf@nscripts) and a driver prepared from dnN-injected embryos,
from the clone sequences. Reactions were prepared in triplicate usitlich lack those sequences. The subtractive hybridization
three to five embryo equivalents of cDNA per reaction. QPCRprocedure requires that the selectate specific sequences are
amplification conditions were: 95°C for 30 seconds, 57°C for 3(oractically absent in the driver. With the procedure employed,
seconds, 60°C for 1 minutes, for 40 cycles. QPCR analysis wage expected to isolate genes involved in pigment cell
replicated using at least two different cDNA batches. Cycle thresholgpecification more efficiently than those in the other three SMC
values (Ct) for each primer set were normalized to the ubiquitin Gynes  pecause the latter are not completely absent in dnN-
for each reaction. Ubiquitin expression is known to be gpprox_lmatel njectéd embryos that were used for the driver (Sherwood and
constant throughout gastrula stage (Nemer et al., 1991; Ransick et %I/ICCIa 1999) Th b ive hvbridizati f d
2002). cClay, ). The subtractive hybridization was performe
with single stranded components and excess driver RNA. To
Whole-mount in situ hybridization measure the efficiency of the subtractive hybridization
Whole-mount in situ hybridization was performed as describeprocedure, two different single strand bacteriophage
previously (Ransick et al., 2002; Arenas-Mena et al., 2000). Whesequences of 500 nucleotides were added at low concentration
following the method of Arenas-Mena et al., a modified embryoonly to the selectate before subtraction. The subtractive
fixation solution was used consisting of 4% paraformaldehyde, 32.5%ybridization reaction was followed by hydroxylapatite (HAP)
filtered sea water, 32.5 mM MOPS pH 7 and 162.5 mM NaCl (Tchromatography to separate single strand from double strand
Minokawa and E.H.D., unpublished). sequences. Thé\ sequence enrichment achieved in the

Digoxigenin (DIG)-labeled RNA probes were synthesized b . S . .
transgcrip?ion. Th(§pP)ksSpFmolspFrr?oZSmeoaandSypSuIDIG- Ysubtractive hybridization was about elghtfolq (Fig. ;B).
labeled RNA probes were synthesized using as template the linearized® S€t of 20 hour macroarrayed cDNA library filters was

plasmid of clone E62, D88, E64, E36 and B35, respectively. Th@Yybridized sequentially with the LiCl-treated unsubtracted
resulting probe length was about 500 nucleotidesSppPksand  probe, the subtracted probe and the dnN unsubtracted probe.

SpSult 1000 nucleotides foSpFmoland 1500 nucleotides for Fig. 1A illustrates the digital image of a hybridized macroarray
SpFmo2and SpFmo3 filter. As expected, the spot intensity value of khelones in

the ‘before subtraction’ filter hybridization are at background
level, but they became clearly visible in the ‘after subtraction’

; hybridization (Fig. 1A). On the contrary, the spot intensity of
were purchased from Gene Tools, Philomath, OR. Bpfks . ’
morpholino oligonucleotide sequence waAGCTGGTTTTATTG- clones_ correspondlng_to séquences common to .bOth selectate
CTTCCCATGTT-3 and the SpFmolwas 5-CATGCACACGTT-  and driver, such as ubiquitin, are not enhanced (Fig. 1A). After

GCAGGAAAACTGG-3. A random sequence morpholino normalization to background, the ratio between each spot
oligonucleotide was injected in parallel as control. A @BDsolution  intensity value after and before subtraction was calculated to

(2-4 pl) of morpholino oligonucleotide was injected into zygotes.  identify the clones with higher spot intensity after subtraction.

Antisense morpholino injection into zygotes
The antisense morpholino oligonucleotides &pPksand SpFmol



4590 Development 130 (19) Research article

BEFORE SUBTRACTION AFTER SUBTRACTION
R i s e W il o, e & % %
. ._. IS e v .‘? A , ‘\.‘.._ % H .I 4
.° ‘--. ‘."_' !‘\ 3 = | ‘.‘:‘ X % ‘.?_' -t "I:l' o) )\
'-:l ':) By 0 v "l‘ . & . geil Q
' . -. : - s Ta b L B it ﬁ}
5 3
B 1
Clone Before HAP  After HAP  Enrichment \/ ﬁ
ACt Ubig ACt Ubig
A, 715 3.84 8.36
0 2000 4000 6000 8000 100001200014000160001800020000
A, 7.13 3.89 8.00

Fig. 1. Differential macroarray screen. (A) Digital image of Clone

macroarray colony filters hybridized with a radiolabeled RNA probe Fig. 2. Spot intensity enhancement of macroarray clones after
synthesized from LiCl-treated embryos (Before subtraction) and wittsubtractive hybridization. Data for one filter are shown as a

a radiolabeled RNA probe synthesized after subtractive hybridizationepresentative example. On thaxis are the clone numbers and on

(After subtraction). Before the subtractive hybridization, two they-axis are the ranked spot intensity ratios of the aftes) @nd
different 500 nucleotide bacteriophayjsequences\g andA2) were before subtraction hsup screen. To select the putative pigment cell
added to the selectate at a concentration equivalent to five specific clones, an enrichment threshold value (broken line) was
copies/average cell and were also spotted onto the library filters. A determined based on the range of enrichment values of the 24
magnification of the spots corresponding toXtend ubiquitin phage clones spotted onto each filter. Most clones with enrichment
clones are shown. Theclones became detectable only after values below threshold are clones the spot intensity of which is very

subtraction while the ubiquitin sequence, common to both selectate close to the background both before and after subtraction. The spot
and driver, was not enriched after subtraction. (B) Table showing théntensity values of the selected group of enriched clones were

level of enrichment obtained by the subtractive hybridization, checked on the dnN (driver) screen. The clones for which spot
measured by QPCR as enrichment ofAtsequences relative to the  intensity was above background were discarded as false positive.
ubiquitin sequence. QPCR amplification of M and ubiquitin

sequences was carried out on an aliquot of the subtractive

hybridization reaction before HAP chromatography (Before HAP) (Table 1). The remainder of the clones (17%) either had
and on the single-strand fraction after HAP chromatography (After sequences with GC-rich repeats that blocked the sequencing

HAP). The differences in cycle threshold (Ct) betweerhthe reaction or they contained inserts less than 200 bp. A BLASTX
sequences and ubiquitin were calculai@t(Ubiq); Ct values were  comparison of each clone sequence with the nonredundant
means of triplicates. The enrichment values are the cycle GenBank database was carried out and about 30% of the clones

amplification efficiency (1.9) raised to the power of the difference

[(before HAPACtUDiq)-(after HAPACtUDIq)]. showed a significant similarity with genes already identified

(see Table S1 at http://dev.biologists.org/supplemental/). These
genes encode proteins belonging to a wide range of categories:
These should be the putative pigment cell specific sequencesetabolic enzymes, transcription factors and co-factors; signal
Fig. 2 contains a graph of the after/before subtraction spaétansduction proteins; nuclear non-transcriptional proteins;
intensity ratio of one filter (18,432 clones). In the end, 42%xtracellular matrix proteins; protein belonging to the protein
putative pigment cell specific genes were selected for furthéranslation and protein degradation pathways; and cell

analysis. movement proteins (see Table S1 at http://dev.biologists.org/
. supplemental/). The clones encoding genes similar to the
Sequence analysis of selected clones polyketide synthase gene clustekg-gd, the flavin-containing

The 421 clones selected after macroarray filter analysis wersonoxygenase fif)g) and the sulfotransferasesuf) were
sequenced from the-Bnd. About 83% yielded good quality isolated multiple times (see Table S1 at http://dev.biologists.
sequence with a read length ranging from 500 to 700 bprg/supplemental/). The sequence comparison of the 31 clones
similar to thepks formed three contigs, which all perfectly
matched to the sequence of S purpuratus BAC clone
containing gkslike gene (C.C. and E.H.D., unpublished). The
five fmolike clones fall into three classes according to gene

Table 1. Sequence analysis of putative pigment cell specific
clones isolated from hatched blastula cDNA macroarray

library sequence and they show orthology to separate vertebrate FMO
Clone number (%) family members. The nucleotide sequence identity among the
Total sequences 421 three sea urchin genes is low (about 45%), indicating that they
S%?}ﬂig:ﬁllgl_sfgfnq;‘fgh ‘e 93;4(%%3)%) represent completely independent non cross-hybridizing
b X X .
Non significant BLAST matches 254 (73%) isolates of the differential screen. The thsedfotransferase

like clones had the same sequence.

*Readable sequences longer than 200 bp. ) ) )
TBLASTX sequence comparison to the nonredundant GenBank database Analysis of gene expression by real-time QPCR

(E-valuec1x10~*) at NCBI (http://www.ncbi.nim.nih.gov). Sixty-six of the 95 clones indicated in Table S1 (see
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Table 2. QPCR analysis of putative pigment cell specific clones isolated from hatched blastula cDNA macroarray library
Abundance relative to UbACt)

Gene LiCl Norm DnN Norm-LiCl Norm-DnhF
Pks (31) 7.4 7.714.7 10.3/7.2 0.3 —2.61-2.5
5.9/6.3/5.2 6.9/6.7/4.4 9.6/9.8/7.7 1/0.4/-0.8 -2.71-3.1/-3.3
Sult (3) 7.717.0 7.417.2/14.7 10.1/9.8/7.6 -0.3/0.2 -2.71-2.6/-2.9
Gem (1) 9.1/5.2 7.6/4.6 10.7/8.1 -1.5/-0.6 -3.1/-3.5
Fmol (3) nt 6/6.8 8.2/10 na -2.2/-3.2
Fmo2 (1) nt 7.516.7 10.0/9.1 na —-2.5/-2.4
Fmo3 (1) 10.4/8.4 10.0/9.5/7.2 12.6/12.0/10.8 -0.4/1.1 -2.6/-2.5/-3.6

Gene expression level of the putative pigment cell specific clones was analyzed on hatched blastula cDNA of LiCl treateddmiriséjected embryos
using real-time QPCR. In parenthesis are indicated the number of cDNA clones identified for each gene, within the gronpesf Sedehowed significant
BLASTX matches (E-valuglx10-4) in the nonredundant GenBank database.

*Values are the differences between Ct for each clone and Ct for ubiquitin in different cDNA batches; Ct values were mpiaatahtasurements.

Difference between column 3 and 2.

*Difference between column 3 and 4. Values in bold are the differences between normalized Ct for normal and dnN-injectetiarabeysignificant (|Ct
difference}1.6).

na, not applicable.

http://dev.biologists.org/supplemental/) were characterizedxcluded from the oral side, reflecting their ultimate
further. Temporal and spatial analyses of gene expression distribution (Ruffins and Ettensohn, 1996). At mesenchyme
these putative positive clones were carried out, first using reaMastula stag€pPkss expressed in a subset of SMC precursors
time QPCR and then whole-mount in situ hybridization. QPCRorming an incomplete ring of cells (data not shov8pGcm
analysis using primer sets designed from the sequendg expressed by 12 hours (early blastula) in a ring of cells
available for each clone was a quick and efficient method tommediately surrounding the PMCs (Ransick et al., 2002). At
eliminate false-positive clones before carrying out wholeblastula and later at gastrula staggsGcems expressed in the
mount in situ hybridization on the embryos. The QPCRsame pattern aSpPks SpSultand SpFmo(Ransick et al.,
analysis data are shown in Table 2. QPCR amplification w&2002).

performed on first-strand cDNA of LiCl-treated, dnN-injected ) .

and normal embryos at the hatched blastula stage. The ger@#ctional analysis of ~ SpPks and SpFmol

positively regulated by N wer&SpPks SpSult SpFmol  Embryos depleted of SpPKS and SpFMO1 were produced by
SpFmo2 SpDimethylaniline monooxygenasmilar tofmo3 antisense technology. The SpPKS and SpFMO1 knockdown
andSpGcm(Table 2). Given that several clones were isolatecmbryos looked morphologically normal but did not show
for the SpPks SpSultand SpFmogenes (see Table S1 at
http://dev.biologists.org/supplemental/; Table 2) and taking

into account that 29 clones were not tested, the percentage A pks|B
differentially expressed clones was at least 42% on a total «
95 clones.

Pattern of gene expression analysed by whole -
mount in situ hybridization £E°“

Temporal and spatial expression analysiSpPks SpFmol
SpFmo2 SpFmo3and SpSultgenes was carried out using
whole-mount in situ hybridization (Fig. 3). Ti8pGcmgene
was also recently isolated in another differential macroarra L
screen for early endo-mesodermal regulators and its expressi |22

is described elsewhere (Ransick et al., 2002). At hatche | sult
blastula, all these genes are expressed in SMC precursors i g )
ring of about 20 cells around the PMCs (Fig. 3). At this stage &N : A
it is not possible to distinguish between the SMC precursc o .
types by morphological observation of the embryo. At gastrul. |20k 20h 38h 72 h
stage (38 hours) the expression of ®ePks SpFmoand

SpSultgenes was detected in cells just beneath or embedd&®- 3. Whole mount in situ hybridization of pigment cell specific

in the ectoderm. This is coincident with the distribution of9€nes. In situ hybridization with antisense RNA DIG-labeled probe
pigment cells, which have been observed previoushgin foF theSpPksgene (A-D)SpFmolgene (E-H) andpSulgene (I-L)
purpuratusby immunofluorescence (Gibson and Burke, 1985)on embryos at different developmental stages: hatched blastula side

. view (A,E,l) and vegetal view (B,F,J); gastrula side view (C,G) and
The expression ofSpPks SpFmo and SpSultgenes was apical view (K); pluteus oral view (D,H,L). In situ hybridization for

maintained throughout the pluteus stage in cells embedded gprmo2andSpFmoawere also carried out (data not shown). All the
the aboral ectoderm, as is typical of pigment cells. Accordingenes examined are expressed in pigment cell precursors at the
to a fate map of the SMC precursors constructed at thsiastula stage and their expression is maintained in pigment cells
mesenchyme blastula stage, pigment cell precursors att@oughout the gastrula and pluteus stages.

o3

38
sult| K sult|L sult




4592 Development 130 (19) Research article

A | B P |C : Fro- Table 3. Ef_fect of SpPKS and SpFI\/I_Ol_downreguIation on
f > echinochrome accumulation in pigment cells

L Percentage of embryos with pigment (

; , A - Uninjected Control MASO  SpPks MASO  SpFmol MASO

i o 100% (98/98)  100% (94/94) 1% (1/97) 0.8% (1/120)

*The SpPksandSpFmMoIMASO-injected embryos showed a complete
depletion of pigment in the whole embryo, while the control MASO embryos
did not differ from the uninjected embryos

MASO, morpholino antisense oligonucleotidenumber of embryos
observed.

Data are percentages of embryos in two different plate cultures combined.
The same results were obtained in separate injection sessions with different
batches of embryos.

sult

sult

Fig. 4.SpPks and SpFmo1 antisense morpholino oligonucleotide ~ Glial cells missing (GCM)

injected embryos. (A-C) Aboral view of prism stage embryos gcm is a transcription factor that was first isolated from
injected with 200uM antisense morpholino oligonucleotide against Drosophila (Akiyama et al., 1996). A secondcm gene,

the SpPkg(B) and theSpFmol(C) genes and with a 20 random — genyglide2, has been recently identified iDrosophila
sequence morpholino oligonucleotide (A). The embryos injected (Kammerer and Giangrande, 2001). Two Gem genes have also

with the SpPksandSpFmoImorpholinos did not show accumulation . .
of the echinochrome pigment. (D-F) Whole mount in situ been isolated in mammalgemil/gcmA and gene/genB

hybridization with antisense RNA DIG-labeled probe$pSulion (Akiyama et al., 1996; Kim et al., 1998). This appears to be
prism stage embryos injected with a random sequence morpholino the result of separate gene dupl_lcatlon events in arthropods and
oligonucleotide (D), or with th&pPkgE) or theSpFma(F) vertebrates (Kammerer and Giangrande, 2001). Sp&cm
morpholino oligonucleotides. (E,F) Pigment cells are present in identified in this work is identical to the one isolated recently
embryos lacking SpPKS or SpFMO. (Ransick et al., 2002) and so far no othemgenes have been

identified in the sea urchin. The highest region of similarity of
SpGemto the Drosophilaand mammalgcm corresponds to
echinochrome accumulation in pigment cells up to 72 hours ahe DNA-binding domain (Ransick et al., 2002), which
development (Fig. 4A-C; Table 3). Later stages were natecently has been shown to be a new type of zinc-coordinating
observed. DNA-binding domain (Cohen et al., 2002).
A whole-mount in situ hybridization for the pigment cell In sea urchinSpGcnmpositively regulates the expression of
geneSpSultwvas carried out on pluteus stage embryos in ordeBpPksSpSulandSpFman pigment cell precursors (Davidson
to determine whether the lack of pigment was due to a bloakt al., 2002). IDrosophila gcmwas shown to be required for
of pigment biosynthesis itself or to the absence of pigment celthe development of hemocytes/macrophages (Bernardoni et al.,
(Fig. 4D-F). The whole-mount in situ hybridization showed1997; Lebestky et al., 2000; Alfonso and Jones, 2002) and for
that pigment cells were indeed present in the embryos injectede regulation of the binary decision of glial versus neuronal
with the antisense morpholino oligonucleotide agaB8ygPks cell fate (Hosoya et al., 1995; Jones et al., 1995; Vincent et al.,
or SpFmol(Fig. 4E,F; Table 3). These results indicate that1996). In mammals, Gecm genes do not seem to be involved in
SpPKS and SpFMO1 are required for echinochromehe specification of glial cells, but they are required for

biosynthesis. placental development (Schreiber et al., 2000) and parathyroid
gland development (Gunther et al., 2000). . .
Discussion T_h_ls study shows that, in the sea urphm me(yo, N signaling
_ - positively regulatesSpGcm expression in pigment cell
Isolation of SMC-specific genes precursors, either directly or indirectly. N signaling has been

In this study we isolate sea urchin SMC specific genes, ishown to regulate gcm expression in some other
particular pigment cell genes. A large-scale differentialdevelopmental contexts. Drosophilag N signaling activates
screening was performed using embryos with a block in Ncmin the central nervous system (Udolph et al., 2001) and
signaling and consequently in the SMC specification procesa the dorsal bipolar dendritic sensory lineage in the
(Sherwood and McClay, 1999). The SMC specific geneembryonic peripheral nervous system (Umesono et al., 2002).
identified are highly similar to the transcription faagbal cells N signaling has instead a negative regulatory effecfonnin
missing(gcm), to thepolyketide synthasgene clusterpks-g¢,  the bristle lineage of the peripheral nervous system of
three members of thdlavin-containing monooxygenases Drosophila(Van De Bor and Giangrande, 2001). Many studies
multigene family {mo) and to asulfotransferasgsult). All of  show that N signaling is a very conserved mechanism in the
the isolated genes were expressed exclusively in pigment celévelopment of many metazoa and it is used in several
precursors at blastula stage and their expression was maintairt#fferent types of cell fate decisions. It is not surprising then
throughout the pluteus stage in pigment cells. that N signaling can have either a positive or a negative

Through an antisense approach, we show 8pRRksand  regulatory effect, even on the same target gene, depending on
SpFmolare required for the biosynthesis of the echinochroméhe combinations of regulatory factors present in any
pigment (Fig. 4; Table 3). particular developmental context.
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Polyketide synthase (PKS) chemical structure of the echinochrome and the simple carbon
Polyketide synthases are large multifunctional enzymeanits used for its biosynthesis suggest that SpPKS is directly
involved in the biosynthesis of a wide range of polyketidanvolved in the biosynthesis of this pigment.

compounds (for reviews, see Hopwood, 1997; Hopwood and The function of sea urchin embryonic pigment cells is not
Sherman, 1990; Staunton and Weissman, 2001). The sea urchompletely understood. Considering that pigment cells are
echinochrome synthesized in pigment cells is @ambedded in the epithelium of the larva and that polyketides
naphthoquinone that has the characteristics of a polyketidge also photoactive compounds, it is possible that pigment
compound. In terms of precursors and enzymes used, tlcells have a role in photoreception. In support of this
polyketide biosynthetic pathway is very similar to the fatty acichypothesis are observations of light-induced alterations of
biosynthetic pathway. A difference is that in fatty acidpigment cell shape and pigment granule displacement within
biosynthesis there is a complete reduction of the keto grouplke pseudopodia in the sea urc@ientrostephanus longispinus
with the production of completely saturated carbon chaingWeber and Dambach, 1974; Gras and Weber, 1977; Weber and
while these remain unreduced in polyketides. Gras, 1980). Pigment granule translocation accompanied by

Polyketide compounds have been isolated mainly frontell shape changes have also been observed in dermal
bacteria, fungi and plants. Several polyketides synthesized photoreceptors (melanophores) of amphibians and fish (Wise,
bacteria and fungi are antibiotics, such as erythromycinl969; Schliwa and Bereiter-Hahn, 1973). By considering the
rifamycin and actinorhodin, and several mycotoxins in fungiechinochrome chemical structure, it might have antibiotic
Higher plants synthesize polyketides, called flavonoids, whicproperties as many polyketide compounds. Some evidence
have various functions: flower pigmentation, defense againsupporting this hypothesis has been provided by Service and
pathogens (phytoalexins), response to UV light and visibl&Vardlaw (Service and Wardlaw, 1984). In addition, the
light exposure, and symbiotic plant-pathogen interactionsnorphology and behavior of pigment cells are, to some extent,
(Schroder et al., 1998; Winkel-Shirley, 2002). Polyketidesimilar to those of macrophages. Pigment cells have a stellate
compounds have also been isolated from some marirghape with two or three pseudopodia, which can be rapidly
organisms: dinoflagellate unicellular algae, macro-algaegxtended and contracted, and they have the ability to migrate
sponges and molluscs (Garson, 1989). In marine organismaithin the larval epithelium and the basal lamina (Gibson and
polyketides are often toxic compounds used as defendgurke, 1987).
mechanisms against predators, e.g. the brevetoxins synthesized o
by the dinoflagellat&ymnodinium brevéGarson, 1989). Flavin-containing monooxygenases (FMOs)

TheS. purpuratussequences isolated in this work showed theGenerally FMOs are NADPH-dependent flavoproteins that

highest similarity to bacterial and fungal PKSs (see Table S1 attalyze the oxidation of a wide variety of compounds
http://dev.biologists.org/supplemental/). A lower sequenceontaining nucleophilic heteroatoms. FMOs are involved in the
similarity of theS purpuratusgenes was observed to the humandetoxification of several xenobiotics and in the molecular
and C. elegansfatty acid synthases (FAS; NCBI Accession activation of different kinds of metabolites.
Numbers NP_004095 and NP_492417) an@.telegansPKS FMOs are found in bacteria, higher metazoa (Hines et al.,
(NCBI Accession Number NP_508923). TlSe purpuratus  1994; Gasser, 1996; Schlenk, 1998; Cashman, 2000; Ziegler,
PKS sequences also showed lower similarities to som2002) and in plants (Zhao et al., 2001; Tobena-Santamaria et
uncharacterizedDrosophila proteins (CG3524, CG17374, al., 2002). In this work three different sea urchin Fmo genes
CG3523) that are similar to the vertebrate FASs and fung&lave been isolated. Five members of the Fmo multigene family
PKSs (NCBI Accession Number AAD43562, AAB08104). A have been identified so far in mammals (for reviews, see Hines
pksgene cluster has not been identified in human. et al., 1994; Gasser, 1996; Cashman, 2000).

Generally the Pks genes are organized in clusters and theyThe mammalian FMO enzymes exhibit different species-,
contain very large ORFs. The different ORFs either togethatevelopmental- and tissue-specific expression, and different
encode a very large multifunctional protein (type | PKS), orsubstrate specificity (Dolphin et al., 1996; Dolphin et al., 1998;
they encode separate proteins (type Il PKS). The cDNAoukouritaki et al., 2002). In this work, we show evidence that
sequence contigs of the isolated clones show that the sea urchilpports an involvement ofSpFmol in echinochrome
SpPksbelongs to the type | class. In most PKSs, the series diosynthesis. Taking into account that the FMOs show different
ORFs each encode domains with a unique catalytic functiosubstrate specificity in other organisms, it could also be that
The S purpuratusPKS sequences are highly similar to the SpFmol SpFmo2 and SpFmo3are involved in different
ketosynthase (KS), the acyltransferase (AT) and the alcohchtalytic steps of echinochrome biosynthesis.
dehydrogenase-zinc-dependent domains (ADH-zinc). This The humanFMO1, FMO2, FMO3 and FMO4 are all
specific combination of catalytic domains is present in severdbcalized on the same chromosome arm (Dolphin et al., 1991;
PKSs, e.g. in the bacter&treptomyces coelicolpBtigmatella  Shephard et al., 1993; McCombie et al., 1996). This indicates
auranticaandNostoc(NCBI Accession Number NP_ 630898, a possible co-regulation of the Fmo genes. The three Fmo
CAD19090, NP_486720). The PKS domains cooperativelgenes isolated in this work are expressed in the same cell type,
catalyze the condensation of simple carbon units (acetythe pigment cells, and their expression starts at the same time
propionyl or butyryl units) to produce the polyketone linear(at about 15 hours; C.C. and E.H.D., unpublished). These
chain, which is then further modified by other PKS domaingesults suggest that the three SpFmo genes might also be co-
and cyclized. A biochemical study by Salaque et al. (Salaguegulated.
et al., 1967) showed that acetic acid molecules are used as
precursors in the biosynthesis of echinochrome A in sea urchifulfotransferase (SULT)

Thus, the SpPKS sequence similarity data together with thulfotransferases catalyze the sulfate conjugation of a broad
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range of substrates leading either to their detoxification ognd of this pathway should include the genes discovered here,

bioactivation.  Sulfotransferases also show differenSpPks SpFmol SpFmo2 SpFmo3and SpSult

developmental and tissue-specific gene expression (Her et al.,
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