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SUMMARY

Evolutionary changes in transcriptional regulation sequences, the pattern oEndol6 transcription is largely
undoubtedly play an important role in creating conserved during embryonic and larval development.
morphological diversity. However, there is little Transient expression assays demonstrate that 2.2 kb of
information about the evolutionary dynamics of cis- upstream sequence in either species is sufficient to drive
regulatory sequences. This study examines the functional GFP reporter expression that correctly mimics this pattern
consequence of evolutionary changes in th&ndol6  of Endol6transcription. Reciprocal cross-species transient
promoter of sea urchins. TheEndol6gene encodes a large expression assays imply that changes have also evolved in
extracellular protein that is expressed in the endoderm and the set of transcription factors that interact with the
may play a role in cell adhesion. Its promoter has been Endol6promoter. Taken together, these results suggest that
characterized in exceptional detail in the purple sea urchin, stabilizing selection on the transcriptional output may have
Strongylocentrotus purpuratusWe have characterized the operated to maintain a similar pattern of Endol6
structure and function of the Endo16 promoter from a expression in S. purpuratus and L. variegatus despite
second sea urchin specieslytechinus variegatus The  dramatic divergence in promoter sequence and
Endol6 promoter sequences have evolved in a strongly mechanisms of transcriptional regulation.

mosaic manner since these species diverged ~35 million

years ago: the most proximal region (module A) is

conserved, but the remaining modules (B-G) are Key words: EchinodernEndol6 Evolution, Promoter, Sea urchin,
unalignable. Despite extensive divergence in promoter Transcription

INTRODUCTION phenotypic consequences (Rockman and Wray, 2002).
Alternatively, changes in transcriptional regulation can serve to
Comparative studies have revealed that the level, timing andaintain patterns of gene expression over evolutionary time
spatial expression of genes is subject to change durirggales (Piano et al., 1999; Ludwig et al., 2000).
evolution. In many instances, a change in gene expression hasStudying the evolution of transcriptional regulation requires
been correlated with a particular change in the phenotype af system in which one or more promoter sequences have been
an organism at an anatomical, physiological or behavioral leveharacterized in detail using biochemical and functional
(e.g. Dudareva et al., 1996; Sinha and Kellogg, 1996; Averaipproaches (Wray et al., 2003). Most importantly, this system
and Patel, 1997; Schulte et al., 1997; Stern, 1998; Hariri et amust be amenable to functional analysis of promoter sequences
2002). However, few studies have examined the moleculan multiple, closely related species. To date, relatively few
mechanisms by which patterns of gene expression hawtudies have analyzed the functional consequence of
evolved both within and between closely related speciegvolutionary changes in transcriptional regulation (Franks et al.,
Changes in transcriptional regulation undoubtedly play d988; Li and Noll, 1994; Ludwig et al., 1998; Ludwig et al.,
central role in generating different patterns of gene expressi®000; Shashikant et al., 1998; Singh et al., 1998; Crawford et
(Raff, 1996; Doebley and Lukens, 1998; Wray and Loweal., 1999; Takahashi et al., 1999; Shaw et al., 2002; Tumpel et
2000; Carroll et al.,, 2001; Davidson, 2001). Changes iml., 2002). In this regard, sea urchins provide an outstanding
promoter sequence or in the activity of transcription factorsystem in which to study the evolution of transcriptional
can alter gene expression, which may have functionalegulation. Eggs can be obtained in large quantities and develop
consequences during development (e.g. Stockhaus et al., 198ynchronously upon fertilization, facilitating the collection of
Singh et al., 1998). Many human polymorphisms in promotematerial for biochemical analyses. This has enabled researchers
sequences affect transcription and are correlated witto characterize several promoter sequences in exceptional detail
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includingCyllla (Calzone et al., 1988; Theze et al., 1990; Wang/ariegatus Our results reveal a surprisingly strong dissociation

et al., 1995; Kirchhamer and Davidson, 1996; Calzone et abetween structure and function in this cis-regulatory system

1997; Coffman et al., 1996; Coffman et al., 1997) Bndo16 and provide insights into the evolutionary mechanisms that

(Yuh et al., 1994; Yuh et al., 1996; Yuh and Davidson, 1996have operated on thEndol6 promoter during the past 35

Yuh et al., 1998; Yuh et al., 2001a). Transient expression assaysllion years.

have proven remarkably successful for functional analysis of

these promoter sequences in multiple species (reviewed by

Kirchhamer et al., 1996). Moreover, the evolutionary history oMATERIALS AND METHODS

sea urchins and other echinoderms is well characterized,

allowing for interpretation of data in a phylogenetic contextPreparation of cultures

(Littlewood and Smith, 1995). L. vareigatusadults were collected by Jennifer Keller at the Duke
The Endol6é gene was originally isolated from Marine Laboratory (Beaufort, NC) or Susan Decker (Hollywood, FL),

Strongylocentrotus purpuratusy screening a gastrula stage and maintained in an aquarium at room temperafirqurpuratus
cDNA library (Nocente-McGrath et al., 1989). I§. adults were obtained from Marinus (Long Beach, CA) or Charles
purpuratus Endol6 is initially expressed throughout the Hollahan (Santa Barbara, CA), and maintained in an aquarium at 9°C.

_ ametes were obtained by injecting adults with 0.55 M KCI.
\é?gei;19|88!atsa?lfsi£:hke gtat;?edlggzs)tzurlgog\éoggpnrtgsggﬁréil;h ollowing fertilization, the eggs were cultured at room temperature

. ) L. variegatu3 or 9°C S. purpuratuyin artificial seawater until the
downregulated in primary mesenchymal cells (PMCs) as theYasireg Staggsl ©. purpuratu;

migrate away from the center of the vegetal plate to form the

larval skeleton. During gastrulatiorEndol6 is expressed Isolation of full-length  LvEndo16 cDNA

throughout the invaginating archenter&mdol6expression is RNA was isolated from gastrula-stage embryos using RNA STAT-60
then downregulated in secondary mesenchymal cells (SMC§Jel-Test “B”, Friendswood, TX) and treated with DNase (Gibco
as they migrate away from the anterior tip of the archenteroBRL, Gaithersburg, MD). Reverse transcription (RT) was performed
to form various cell types, including pigment cells, muscleaccording to the instructions provided by the SuperScript Reverse

lIs an lom At th nd of rul 1 Transcription kit (Gibco BRL). After the addition of a_poly(A) tail,
gip?egsi%ncoii Odog;:z::;ula:ezj eine tge0 ag?::igratmoofﬁ th he cDNA was used to perform and 3 RACE PCR. Primers were
ased on a partial cDNA sequence previously reported by Godin et

archenteron, which Cprresp_onds to the prospective foregu_t, 4P (Godin et al., 1997) (GenBank Accession Number U89340). PCR
well as the posterior third of the archenteron, whichyoqycts obtained by’ @nd 3 RACE PCR were gel purified and
corresponds to the prospective hindgihdol16 expression jigated into pGEM-T vector (Promega, Madison, WI). Plasmid DNA
thereby becomes restricted to the midgut of the pluteus larvavas purified from transformed D5 cells (Gibco BRL) and

Transient expression assays demonstrated that 2.2 kb sfquenced using an ABI Prism 3700 DNA Analyzer (PE Applied
sequence immediately upstream of the transcriptional start siBosystems, Foster City, CA). Sequences were assembled using
is sufficient to driveEndol6expression (Yuh et al., 1994). Sequencher software (Gene Codes, Ann Arbor, MI).
Approximately 56 sites of specific DNA/protein interactions ) _— -
were mapped within this 2.2 kb region (Yuh et al., 1994) (FigYAihtic;lsngg L;r:wtdmszl:;: beI:llilzpartc:zr;s were synthesized according to the
(]j‘A?[ Tthesedb:ndmg hs.ltﬁs ar? .ElutSte.rEd mtqf.S'X funCtlton?rl]Wnst_ruction_s provided by the DIG RNA I__e_lbel_ing Kit (SP6/T7) (Roche,

IStnct moaules, which contribute In Specilic ways 1o eIndlanapolls, IN) and stored in hybridization buffer (50 pg/at
regulatory output of th&ndol6promoter (Yuh et al., 1996; _70°c. Sea urchin embryos were cultured to various stages of
Yuh and Davidson, 1996) (Fig. 1B). The most proximal regiojevelopment and fixed for 2 hours in a solution containing 2.5%
of the promoter, module A, activates transcription in theylutaraldehyde, 0.14 M NaCl and 0.2 M phosphate buffer, pH 7.4. The
vegetal plate and archenteron. Module B acts synergisticalmbryos were rinsed twice for ~15 minutes with buffer containing 0.3
with module A to elevate levels of transcription in theseM NaCl and 0.2 M phosphate buffer, pH 7.4, and dehydrated through
regions. The activity of module A declines during gastrulation70% ethanol. Whole-mount in situ hybridization was performed using
and module B is responsible for maintainifgndol6 2 protocol based on that of Zhu et al. (Zhu et al., 2001) with several

S ; o s Jnodifications. One important modification was extending the
reg(ergifliligPelnfTre r:rll?f%ilritg()ftwg psll;ftlij; Iag\(;%:[r'(l;:]e (glr?g gl%snélgcubation with PBST containing 5% sheep serum to ~16 hours at

expression to module B have been identified (Yuh et al., 2001%)5@'22?1%5 Ssggﬁirﬁg rsggﬁgd ,\/IIJS_mg a SPOT camera (Diagnostic

(Fig. 1C). The most distal region of the promoter, module G,
acts synergistically with modules A and B to increase the ratgolation of LvEndol6 promoter and intron 1

of transcription by ~4.2-fold throughout embryonic and larvalGenomic DNA was isolated from sperm by phenol-chloroform
development. Modules DC, E and F serve to corindo16 extraction followed by ethanol precipitatiohvEndol16 promoter
expression to the endoderm: module DC repressezequence was obtained according to the instructions provided by the
transcription in PMCs, while modules E and F represé}ﬂivel’saj GenomeWalker Kit (Clontech, Palo Alto, CA). In order to
transcription in ectoderm adjacent to the vegetal plate. Finall xtend as far as 2.2 kb upstream of the transcriptione}llsta.rt site, three
module A serves to communicate the integrated output of aff’\A walks were performed. Two rounds of amplification were
modules to the basal promoter. performed for each DNA walk using nested primer pairs. Each

The biochemical d functi | studies d ibed ab romoter fragment was cloned and sequenced as described above. It
€ biochemical and functional studies described abov important to note that the promoter fragments overlapped by at least

when combined with the experimental advantages of seg.100 bp. A 2337 bp sequence was assembled from overlapping
urchins, creates an excellent opportunity to analyze promot@agments using Sequencher softwaréEndol6intron sequence was
evolution. We have therefore characterized tBedol6 amplified by PCR using primers flanking the position at which the

promoter from a second sea urchin speciegechinus firstintron was predicted to occur based or@hpurpuratusequence
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Fig. 1.Schematic representation of e~ | %I :ﬁ“ I&I W r&l “IH M ﬂi m&& F\/_

SpEndoléromoter. (A) Relative
position of 56 binding sites within the . = unique
2.2 kb region that has been shown to

drive SpEndol@xpression (Yuh et al., |=cc I=cs
1994). Twelve unique factors (brown + - - - + +/i f=ccr1 |=cp
ovals) each interact with only one

binding site, six ‘common factors G |Fl E | Dbc |B| A } [=rata |=cv
(colored rectangles) interact with a

few identical (or nearly identical)

binding sites, and the structural C

protein GCF1 (blue ovals) interacts

with 23 sites in th&pEndo16 B A bp

promoter. [Figure adapted from Yuh
and Davidson (Yuh and Davidson,
1996)]. (B) Binding sites within the
SpEndoléromoter are clustered into L
six functionally distinct modules that
serve to activate (+) or repress (-)
transcription. (C) Logic circuit

diagram showing interactions between
binding sites within modules A and B
of theSpEndolépromoter based on
transient expression assays [Figure
adapted from Yuh et al. (Yuh et al.,
2001a). Note that binding sites in
modules A and B interact extensively.

= scalar
----- = boolean

= time varying

(GenBank Accession Number L34680). The sequence of grerter  fragment (2,305 bp$S. purpuratus;2,159 bp,L. variegatuy from
was 5 AATGCGGAAGGAACTTTTTTGCTT and of the '3primer genomic DNA using primers with restriction sites added to tHeir 5
was 3 GAAAGATCAAAGTCGGGAATCAT. The 468 bp product ends in order to facilitate directional cloning. Farpurpuratusthe
was cloned and sequenced as described above. sequence of the'Hrimer was 5 GCGCGAATTCGTCGGTGA-
Sequences were aligned by ClustalX using default paramete@CTAATTTCCCTTGTT, and of the '3primer was 5 GCGCGG-
(Thompson et al.,, 1997). This alignment was not significantyATCCCATCGTCTCAAAAATTAG. For L. variegatus the sequence
improved by reducing the gap penalty. Sequence similarity waef the 5 primer was 5GCGCGAATTCGAGCTTGTCAATGAGGG-
calculated as the frequency of matching nucleotides for variouSAATTTT and of the 3 primer was GCGCGGATCCCGACCAAG-
regions of theEndol16 locus, excluding indels (insertions and CAAAAAAGTTCC. The PCR products were cloned and sequenced
deletions). At the present time, there are no generally accepted described above. The promoter fragments were excised from the
measures of sequence similarity that incorporate indels. Seqcomm&GEM-T vector (Promega) by restriction digestion wEbtoR|l and
analyses were performed to detect a specified number of matchiBanHl, and ligated into digested pEGFP-1 vector (Clontech). The
nucleotides (f) in a sliding window of size N in a manner similar toligation products were cloned and sequenced as described above.
Sonnhammer and Durbin (Sonnhammer and Durbin, 1995Promoter constructs were verified by restriction digestions and
Empirical work by Yuh et al. (Yuh et al., 2002) supports thesequencing using primers based on the pEGFP-1 sequence. Prior to
calculations by Brown et al. (Brown et al., 2002) showing thatmicroinjection, theSpEndol65FP andLvEndol6GFP promoter
random matches are expected at or below a 0.7 threshold, but nocenstructs were linearized upstream of the promoter fragment with
above 0.75 for a 20 bp window. A seqcomp analysis of Wdol6  Sad, and gel purified.
andSpEndol@romoter sequences was performed at a threshold (f) Eggs were de-jellied by incubating in artificial sea water, pH 5.0
of 0.8 and a window size (N) of 20 bp. Seqcomp analyses of thir 3.5 minutes $. purpuratups or 1.5 minutesl(. variegatu¥. The
LvEndol6 promoter sequence with BAC sequence frofn  eggs were then transferred to plastic petri dishes coated with
purpuratus(Sp127121_S) and of th8pEndol@romoter sequence protamine sulfate.S. purpuratuseggs were fertilized prior to
with BAC sequence fronk. variegatus(Lv199M10 L) also were microinjection in artificial sea water containing 0.2% PABA to prevent
performed at a threshold (f) of 0.8 and a window size (N) of 100 bphardening of the fertilization envelope. Eggs were microinjected using
BAC sequences were obtained from the Sea Urchin Genome ProjextPLI-100 picospritzer (Medical Systems, Greenvale, NY) under
(http://sugp.caltech.edu:7000/resources/). Results of the seqcomap Axiovert S100 inverted microscope (Zeiss, Jena, Germany).
analyses were visualized on a dot plot and feature map usingpproximately 1500 molecules of linearized plasmid DNA were
FamilyRelations (Brown et al., 2002). Similar results were obtainedhjected per egg in a 2 pl volume of solution containing a fivefold
using identical parameters in the mVISTA program developed bynolar excess oHindlll-digested genomic DNA, as well as 0.12 M

Mayor et al. (Mayor et al., 2000) (not shown). KCI and 30% glycerol. Following microinjection, the variegatus
S eggs were fertilized. Fertilized eggs were cultured at 98C (
Microinjection purpuratug or room temperaturel( variegatu$ until the desired

Endol16 promoter sequence was amplified by PCR as a singlsetages. Embryos and larvae were observed under a Axioskop MOT Il
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A Fig. 2.Whole-mount in situ hybridization showitngEndo16
transcription. At the hatched blastula (A) and mesenchyme blastula
(B) stages (lateral viewd)yvEndol6is expressed throughout the
vegetal plate. Vegetal views (a,b) reveal that the PMCs (black arrow),
which are derived from the center of the vegetal plate, do not express
LVEndo16 As gastrulation proceedsyEndol6is expressed
throughout the invaginating archenteron, as seen in lateral (C) and
vegetal (c) views. Near the end of gastrulatlorEndol6expression
still extends throughout the archenteron (D). Expression is
downregulated in SMCs (white arrow) as they ingress and migrate
away from the tip of the archenteron. A lateral view (E) reveals that
LvEndol6expression also is downregulated in the anterior third of
the archenteron (prospective foregut, asterisk) as it bends to make
contact with the oral ectoderiavEndol6continues to be expressed
in the middle third (prospective midgut) and posterior third
(prospective hindgut) of the archenteron. Lateral (F) and aboral (G)
views show thatvEndol6expression is completely extinguished in
the prospective foregut, but is maintained in the prospective midgut
(black arrowhead) and hindgut (white arrowhead) at the prism stage.
LvEndol6expression persists in both the midgut and hindgut of the
pluteus larva until at least the four-arm stage (H-J). Scale bars:
~50um for A-G; 100um for H-J.

RESULTS

Characterization of LvEndol6 expression by whole
mount in situ hybridization

Full-lengthLvEndo16cDNA sequence was obtained Byahd

3 RACE PCR using primers based on a partial cDNA sequence
previously reported by Godin et al. (Godin et al., 1997). The
full-length LvEndo16cDNA sequence is 4544 bp in length and
encodes a protein that consists of 1485 amino acids (data not
shown). Whole-mount in situ hybridization was performed
using an antisense riboprobe corresponding to nucleotides 1-
943 of the coding region. No expression was observed in
embryos or pluteus larvae that were hybridized with the
corresponding sense riboprobe as a negative control (data not
shown).

LvEndol6is initially expressed throughout the vegetal plate
of the hatched blastula (Fig. 2AlL.vEndol6expression is
downregulated in PMCs as they ingress into the blastocoel
(Fig. 2B). The PMCs lie at the center of the vegetal plate, so
thatLvEndol6expression appears as a ring when viewed from
the vegetal pole (Fig. 2a,b). During gastrulationi=ndo16is
expressed throughout the invaginating archenteron (Fig. 2C),
and continues to appear as a ring when viewed from the vegetal
pole (Fig. 2c)LvEndol6expression is downregulated in SMCs
as they migrate away from the anterior tip of the archenteron
(Fig. 2D).LvEndol6expression thus remains restricted to the
endoderm throughout gastrulation (Fig. 2C,D). This pattern of
Endol6 expression during embryonic development is
conserved betwee®. purpuratusandL. variegatugFig. 3).

By the end of gastrulation.vEndol6 expression is
downregulated in the anterior third of the archenteron, the

rospective foregut (Fig. 2E). This decline b¥YEndol6

microscope (Zeiss) equipped for fluorescence microscopy. Imag U ;
> - pression in the prospective foregut occurs as the archenteron
were recorded using a Hamamatsu digital camera (Model #C4742-95- . bVE

12R) (Hamamatsu City, Japan) and analyzed using Openlab 2. .fnds to make contact with the oral ectode ndol6

(Improvision, Lexington, MA)S. purpuratuembryos were cultured continues to be expressed in the middle third of the
at 9°C and therefore, developed more slowly tharvariegatus ~archenteron, the prospective midgut (Fig. 2EyEndol6
embryos; however, images were recorded at equivalent developmen@pression also continues to be expressed in the posterior third
stages for both species. of the archenteron, the prospective hindgut (Fig. 2E). By the
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A Srongylocentotus purpuratus

OQ

B Lytechinus variegatus

OQ

Fig. 3. Schematic comparison &hdol6transcription inS. purpuratusndL. variegatus The pattern cEndol6expression (shown in blue) is
relatively conserved betweéh purpuratugA) andL. variegatugB). (Asterisks indicate prospective foregut.) Howetzrdol6expression is
downregulated in the posterior third of the archenteron (prospective hindgut) &lgunpuratus(Arrows indicate hindgut$pEndo16
expression persists in the midgut, whillEndol16expression persists in both the midgut and hindgut of the pluteus larva.

time that the post-oral arms begin to extend from the pluteus Microinjection of DNA into sea urchin eggs produces
larva, LvEndol6 expression in the prospective foregut hasmosaic expression (Arnone et al., 1997). In our hands, this
completely disappeared (Fig. 2F,G). HowevekEndol6 method produced between one and six patches of fluorescent
expression persists in both the midgut and hindgut of theells per embryo in which fluorescence was detected. We
pluteus larva until at least the four-arm stage (Fig. 2H-J). Thigstimate that microinjection ofLvEndol6GFP into L.
persistent transcription in the hindgut constitutes a differenceariegatuseggs produced fluorescence in ~10% of the resulting
in the pattern cEndol6expression betweed. purpuratusnd  embryos. These numbers are smaller than those reported by

L. variegatusduring larval development (Fig. 3). Arnone et al. (Arnone et al., 1997) in their studies ofsthn&0
o andcylla genes inS. purpuratuperhaps because we used a
Characterization of the  LvEndo16 promoter different GFP vector to create fusion proteins. It is also possible

SpEndol@xpression can be driven by only 2.2 kb of sequencthat the efficiency of transient incorporation may differ
immediately upstream of the transcriptional start site (Yuh ebetween species. Because of the mosaic incorporation, it is
al., 1994). In the present study, 2337 bhwiEndol6sequence difficult to quantitate the results of these experiments in terms
was assembled from overlapping fragments generated byad cell types expressing GFP. In contrast to CAT assays in
series of ‘walks’ upstream of the transcriptional start site (Figwhich the level of transcription within a batch of embryos can
4) (GenBank Accession Number AY292383). Thé&=ndo1l6 be precisely measured, these experiments serve to define the
promoter sequence then was amplified as a single fragmespatial pattern oL.vEndol6expression. In this regard, we
(~2.2 kb) that included the basal promoter, and cloned into tHecused on studying the spatial specificity of cis-regulatory
promoterless pEGFP-1 vector. ThevEndol6 promoter elements, as has been carried out in several previous studies
sequence was inserted upstream of the EGFP gene to creafe.g. Ludwig et al., 1998; Takahashi et al., 1999; Spitz et al.,
reporter construct referred to bsEndo16GFP. 2001; Tumpel et al., 2002; Yuh et al., 2001b). Future work
Microinjection of LVEndo1l6GFP intoL. variegatuseggs using CAT reporter constructs will allow us to explore the
drives GFP expression in a pattern that recapitulates the resutisetics of LvEndol6 transcription as was done for the
of whole-mount in situ hybridization described above (Fig. 2) SpEndol6romoter after its initial characterization by Yuh et
Fluorescence was consistently observed in a few cells locatedl (Yuh et al., 1994).
in the vegetal plate of the hatched blastula (Fig. 5A). These . )
cells contributed to fluorescent patches within the invaginatingvolutionary analysis of the ~ Endol6 promoter
archenteron (Fig. 5B). Fluorescence was maintained in th&lignment of theEndol6promoter sequences revealed that
midgut of the pluteus larva until at least the four-arm stagenodule A, the most proximal ~350 bp of the promoter, is well
(Fig. 5C,D). It is important to note that fluorescence also wasonserved betwee8. purpuratusand L. variegatus(Fig. 6).
observed in the hindgut (Fig. 5D), consistent with the fact thaBy contrast, upstream modules B through G are not conserved
the endogenous gene is expressed in this region of tlfeequence not shown). Although sequences upstream of
endoderm inL. variegatusbut not S. purpuratus(Fig. 3). module A were difficult to align, it is clear that modules B-G
Ectopic fluorescence was rarely detected in the ectoderrare significantly more divergent than module A. Specifically,
PMCs or SMCs. Furthermore, no fluorescence was detectedodule A contains only 11 indels (insertions and deletions),
upon microinjection of a promoterless construct containing theanging from 1-5 bp in length, whereas the best alignment of
EGFP gene inth. variegatusggs as a negative control. Thesemodules B through G contains considerably more indels,
results indicate that the 2.2 kb upstream fragment contaimanging from 1 to 18 bp in length.
most or all of thd.vEndol6promoter region. In order to further understand the significance of promoter
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-2280 GACTGACTGT GACTGAACCT AACCATGGCC ATACGCAGAC TTCTTTTCAG GGGGGGG :
12220 GGGGAGGACA COTGAAAATT TTCAAGGAAA CTCGAAACTC GAGGGTGCGA AGCGCTCEARWN here is the sequence from —2373 to
-2160 CTTGTCAATG AGGGTAATTT TATCCTTTCT AAAGTGGCAT TGAAGGATTT CGTGCACTTA S0 relative to the transcriptional start site.
-2100 CTGAGAAAAT TTGGGGTAAA AAATGAAAGG TTTCAAAATT TCAAGGGCAA TTGCTCCTGENIS sequence includes the promoter, the 5
-2040 CCCCCCCCCA CTGCGTTCGC TCTCTATCCA ATAATCAGTG CGTATCAATA GGAGGGAABGR, and the first exon; +83 is the position
-1980 GGGCTCTTTC ATGCCTAATT CGATTGGGTG TCCTTGTAAG GGAAGTGAAA CGGCAAACHAthe first intron. A microsatellite
1860 AGTAACTCAC TACTACTACT ACTACTACTA CTACTACTAC TACTACTACT ACTACTACTACCTSISHNG Of TAC repeats from ~1632 to
-1800 CTACTACTAC TACTACTACT ACTACTACTA CTACTACTAC TACTACTACT ACTACTACTA 1890 iS underlined. The ATG start codon
-1740 TACTACTACT ACTACTACTA CTACTACTAT ACTACTACTA CTACTACTAC TACTACTATA IS boxed.
-1680 CTACTACTAC TACTACTACT ACTACTACTA CTACTACTAC TACTACTACT AATACTACTT
-1620 CTACTATTAC TGTAAAAGGA ATGAGGGGGG GGGGCAACTA ATGCGCATGC TCCGACGGGT
-1560 TTTGTATTCA AAACCTTTTT AGTTTCTTTG ATTATTATTA TTGTTATCAG TATAATATTA sequence. This indicates a similar
-1500 TCGTTATTAT TATTATTATC ATTATTATTT ACTGTTATCA TTATTATTAT CATTATTATT ; ;
1440 ATGATCATCA TTATAATCAT TATTATCACC TTTATCATTA TTTTATCATC ATCATTATTA level of functional constraint on the
-1380 TTTACATAAA AAATTACAAG GTATTCTCCT TTGTAAGAAA AATCAAGGTG CTACAcAAccEVolution of these two regions of the
-1320 AGGCATCAAT CACATTTCTA GGGCAGAAAA GTAAACTGGT ATGTAATATC ATAAAATATAOCUS. As expected, nucleotide identity
-1260 GGAACAACAA TAACGAAATA GAAAATGGCA CTTTCAATTG CGTTTTTGAT TTTATATTCAwithin binding sites (86%) is higher
-1200 AAATGAAATC ATGAACAACT GAAAAAATGG CACACACTTT ATTATTTTCC AGCCGATTTGy 0 i non-binding  site
-1140 ACTGAAATTA TTGTGTTTTG CGTGTTAGTT TGGCTCCAAC TATTCATTTG TATGATAAAA ,
1080 ATGTGAACTC ATATCGCGGA GCAGTACTAC ATGTACGGTG TTATCTTCTT TGCTATGCTAUCleotides (69%) of module A. There
-1020 GGCTATAAGA TACAGGACTA TGCTTCTTTC TTTCCATCAT AAGCGTAGTT AAACTAAACAS a decline in sequence simi|arity
-960 CATAATTTCA GTGAAAAATA CCGAGATTTT AGTCCACGAA ACGCATTTTT TTTTATAAAT . ;
1900 GGCTTTTAGA ATGATGTTCG TTCTATGGAT AAATATTAAT GTTGATTAGA TTCCTAGTCT UPStréam of module A: 55% in module
-840 TAAAAAGTCA AAAGCATGAT ACACTACGGT ACACAGCAAA AACTGTGGTG TTAAcCGGTE, and less than 50% within modules
-780 TACATAGAGG ACCACACCAG TTATTTTACA CCGGTATTAA ATTGGTGGTG TTAGTTTTACDC-G. The first intron, which should be
-720 ATCTATAGGT TTTATTACAA CACCTTTGGT TGTTACATTT ACACTCTTTG GTGTTATGTT eyolving neutrally due to the fact that it
-660 CAATCTTTAG GGTGTAATAT TAACACCTCA GGGTGTGGTC CACTATTAGC ACCAACTGGT ; . s :
-600 GTCAGTTTGA ACACCACAGT TTTTCCAGTG TACCGATTAC AGCATATAGT AAACAGAATCCONtAINS no functional binding sites
-540 AATTGCTCAG TTTATGACTA AGAGGTTTTC TCGTTAATGG TGTGCCTTTA CTTAACTAAA (Yuh et al.,, 1994), has a sequence
420 TGAAACTAAT CACTCTTIGT T1CTCAGAAA GATTTARACT COTARRCAAR AGOACCTTOT Smharity  of 54%  (sequence not
-360 ATGCGAACTG CTCATTACAA GTTCAGTATT GACAGAGACC GTATCGAATT AACATGCGARNOWN). Thus, modules B-G appear to
be evolving neutrally as well.

module B module A .. .
T Surprisingly, none of the binding
-300 AAAGGCTTAA TTTCCTCTTA AAGTACCTGT TTATTCCAAT AAATGTCTTT GTACAACTCA ; e e
1240 AAACGCCAAC ATTCTCGAAG CAATAAAACT GTTGACCAAA GTGATGGCTC CATTATCATCIES identified within modules B
-180 CCAAAGGATT AAGTGATCAA ACTACCACCA AATTATATCA CGTCAAAGTC aTcccaTccdhrough G of theSpEndol6promoter
-120 CAGGTTCTAT TGTTTGAGTT TAGGCTTCTG AATGTTATAC CAAAGACAAA AGAGGTGTAACAn be identified in thd.vEndol6
-60 CTTTGCCCCC CTTTGATTCG GAGCGGAGGG TTAAATAGAG TTAGACCGAC CGGGTTGGGomoter, nor in the 'SUTR, first

CTGTCTT ATCTTCTGTC CTTCTTATTA CATAATATCA AATAATGTTA TATCAGAGTT Fig. 4. LvEndol6promoter sequence.
+§(é

IT—}transcription initiation translation initiation intron, or Coding sequence (Fig. 7A’B).
+1 CATAATATAT CAAATTTTAG AAAAATGEGG AAGGAACTTT TTTGCTTGGT cGeccaTaeTaltis important to bear in mind that more
GCCGGGGCGC GGTCGAAGCC TAC than one nucleotide can often fit the

consensus sequence for a particular

binding site. For example, the
divergence, sequence similarity was calculated for variouSpEndol@romoter contains multiple binding sites for GCF1
regions of theEndol6 locus between the two species. and CG. The sequences for many of these binding sites differ
Nucleotide identity within module A is 73%, which is slightly within S. purpuratusbut still fall within a well-defined
comparable with nucleotide identity within the codingconsensus sequence (Yuh et al., 1998). Several programs,
including PipMaker (Schwartz et al., 2000), were employed to
search for binding sites in thevEndol6 promoter. Other
regions of the locus were also examined in both tfend 3
orientation, as there can be drastic changes in the order and
spacing of binding sites during the evolution of cis-regulatory
elements (Wray et al., 2003). It remains possible that variants
of binding sites from modules B-G occur within theendo16
promoter, but if so, they have diverged considerably in
sequence and perhaps relative position. In any case, such sites
were not detected using algorithms to search for consensus
sequences based on tBpEndolGromoter.

Fig. 5. Transient expression assays of the 2.2 kb upstream sequence
injected intoL. variegatuseggs. (A) Microinjection of &vEndol16

GFP reporter construct resulted in fluorescence in the vegetal plate at
the mesenchyme blastula stage. (B) During gastrulation, fluorescence
is detected in the archenteron. (C) A ventral view showing
fluorescence in the midgut of the pluteus larva. (D) A lateral view
showing fluorescence in both the midgut and hindgut of the pluteus
larva.
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module B <—|—> module A Fig. 6. Alignment of module A of th&ndol6promoter
S. PUrPWETRAGATTTAATGCCCGTAAACACA-AACATCTGACAAATGCATTTAAA from S. purpuratusindL. variegatus Sequences extend
L. varie@TusT TGACAGA--GACCGTATCGAATTAACATGCGAAAAAGGCTT---AA upstream 335 bp and 345 bp relative to the
HELR R RRRRR K R ek ek e transcriptional start site fdr. vareigatusands.
purpuratus respectively. (Asterisks indicate a

CTTCATCAAACAATGTAACAAAAGCGTAATTTCCTCTTAAATCGCCCT-TACTTCTAAG ucle_?tlge_ mat%h'l) Tran%scglptlon éactor binding sites
TTTCCTCTTAAA--GTACCT-----GTTTATTCCAAT-AAATGTCTTTGTACAACTCA-A  ldentified in module A of th&pEndolpromoter are

KKK KKk K kkk * Xk kKKK K kKKK kK KKK KK X X outlined by a red box. The Otx and Z blndlng sites
occur only once within thBpEndolromoter,
cG cp although there are multiple binding sites for the

AACGTCGTAAATCGCAAQGTCTCAAAAATATTGACCQAAAATGATCATACCATTATCAT G teins CG. CP and GCF1
AACGCCAACATTCTCGAAGCAATAAAACTGTTGACQGAAAGTGATGGCTCCATTATCATCC ! :

kkkk kK kk k Kk K khkkk k KKKRKRRRFFHE FHKK KKRKKFFIRKKIKE

ox Z CG GCF1 to module A of theEndol6promoter (Fig. 7E).
CGTAGGATTAAGTGATTAAACTACCAAGTGATTACATCATCTCAAAGTTATCAC \TCCqhe same parameters were applied to a pairwise
CAAA GGAT:TA:A_G_'I GATCAAACTACCACCAAATTATATCACGTCAAAGTCATCCC \TCCEgmparison of theLvEndoleromoter sequence
with a ~50 kb BAC sequence fro§ purpuratus
GGTTAAACTG$$TG AGTTTCGTCTCCTGATTGTGE?AT ‘AAAGAGCC:,::A"G GGTGTAthat contains thSpEndol6ocus. In this case, the
gGGTTCTATTGTTTG NAGTTTAGGCTTCTGAATGTTATACQAAAGACAAAAGAGGTGTA ture map shows two regions of conservation
*kkk * kkkkkkkkkkk k kk kkhkkk kkk *k kkhkkkkkkkkk *kkkkkkk t at Correspond tO module A Of trEndOl6

ccrL ATA promoter as well as a microsatellite consisting of
TTTIACCCCCQT--CATCAAGAGCGGAGEGGTTAA ATAGAGAAAGACTGGTCGAGGACAGTé’C repeats (Flg' 7F)'

TTTGCCCCCGTTTGATTCEGAGCGGABGETTAAATAGAGTTAGACCGACCG-GGTTGRAT, L
Kk RRRRRIR R RKRRRARRKERRARARRKRR KRRk R RERE kk eciprocal injection of the  Endol16

|—} transcription initiation translation initiation promOter
CATAATATTGCTAATTTTTGAGTGATGAGGTTAAATATTTTGCT—GTTCGCGGTTjFO investigate  whether there have been
CATAATATATCAAATTTT-AGAAAAATGCGGAAGG-AACTTTTTTGCTTGGTCGCCGTGEVOlutionary changes in the set of transcription
kkkkkkkk Kk Kkkkkk k kkk  kk ok kk ok kkkkkkk Kk kkkk kk faCtOI'S that b|nd tO theEnd016 promOter,
reciprocal cross-species transient expression
assays were performed. These experiments tested

These findings are illustrated by a dot plot (Fig. 7C) andvhether theSpEndol@romoter can drive correct expression
a series of feature maps (Fig. 7D-F) generated byn L. variegatusand whether thd vEndol6promoter can
FamilyRelations to visualize the results of a seqcomp analys@irive correct expression i8. purpuratus Endo16promoter
(Brown et al., 2002). Seqcomp is a relatively new program fosequence from one species (donor) was microinjected into the
comparative analyses that has been optimized for largegg of the other species (host), and GFP expression was
sequences and can identify conserved sequences of a defimdderved in the resulting embryos and larvae by fluorescence
length without regard to spacing or orientation, a capability thahicroscopy. The pattern of GFP expression was interpreted in
is particularly important when examining non-coding regionsthe context of the expression and sequence data obtained for
First, a pairwise comparison of tlspEndolGandLvEndol6 each species, as well as data from microinjection dEttt®16
promoter sequences was performed using a threshold of Qp8omoter into eggs of the same species. As described above,
and a window size of 20. In the case of the dot plot, thenicroinjection of LvEndo1l6GFP into L. variegatuseggs
LvEndolGandSpEndolfromoter sequences are shown on theproduced a pattern of GFP expression that recapitulated the
x- andy-axes, respectively, with regions of aligned sequenceesults of in situ hybridization (Fig. 8J-L). Microinjection of
indicated as dots. Most of the dots occur in the upper, rigt8pEndol16GFP into S. purpuratuseggs produced a nearly
corner of the graph, corresponding to module A ofBhdo16 identical pattern of GFP expression; however, no fluorescence
promoter (Fig. 7C). In the feature map, t8pEndol6and was observed in the hindgut (Fig. 8A-C). This latter result is
LvEndol6promoter sequences are parallel with one anotheronsistent with studies by Yuh et al. (Yuh et al., 1994).
and red lines indicate regions of conservation. Most of the lineNo fluorescence was detected upon microinjection of a
occur at the right end of the feature map, once agaipromoterless construct into eggs of either species as a negative
corresponding to module A of tlindol6promoter (Fig. 7D). control.

To test the possibility that modules B-G are separated from Microinjection of SpEndo185FP intoL. variegatuseggs
module A by a large insertion in thé flanking region inL. resulted in fluorescence in a few cells located in the vegetal
variegatus we compared the knowrEndol6 promoter plate of the hatched blastula (Fig. 8G). Patches of fluorescent
sequences with BAC sequences containingiih@ol6locus.  cells were later observed in the invaginating archenteron (Fig.
Modules B-G do not appear to be located further upstream &H), consistent with the pattern &ndol6 expression as
the isolated 2.2 kb sequencelinvariegatus as evidenced by characterized by in situ hybridization in each species (Nocente-
a pairwise comparison of thepEndolépromoter sequence McGrath et al., 1989; Ransick et al., 1993). Fluorescence was
with a ~22 kb BAC sequence froim variegatushat contains maintained in the midgut of the pluteus larva until at least the
the LvEndol6locus. In this case, the analysis was performedour-arm stage (Fig. 8I). However, fluorescence was not
using a threshold of 0.8 and a larger window size of 100 iobserved in the hindgut, whelEdol16is normally expressed
order to avoid noise from repetitive elements. The feature mdp L. variegatus(Fig. 2H-J). Interestingly, fluorescence was
shows only one region of strong conservation that correspondsnsistently observed in SMCs during gastrulation (Fig. 8H).
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Fig. 7. Schematic representation of
theEndol6promoter inS.
purpuratus(A) andL. variegatus

(B). TheLvEndol6promoter
sequence indicates only those
binding sites identified in module A
of S. purpuratusResults from
transient expression assays indicate
that additional binding sites required
for LVEndol6expression are likely to
occur in the 2.2 kb region, but have
not yet been identified. (An asterisk
indicates that a nucleotide
substitution or indel occurs within a
binding site compared to titendo16
promoter sequence B purpuratug

A dot plot (C) and feature maps
(D-F) were generated by
FamilyRelations based on a seqcomp
analysis of thé&Endol6promoter
(Brown et al., 2002). Alignment of
the SpEndol@&ndLvEndol6
promoter sequences is noted in the
upper right corner of a dot plot (C),
corresponding to module A. This is
also evident at the right of a feature
map (D). In neither case is there
convincing evidence for sequence
similarity upstream of module A.
This result is supported by pairwise
comparisons of thEndol6promoter
sequence with BAC sequence from
the opposite species. Only one region
of conservation corresponding to
module A is detected in a pairwise
comparison of th&pEndo16
promoter sequence and a BAC
sequence from. variegatughat
contains the.vEndol6ocus (E).

The reciprocal analysis revealed two
regions of conservation,
corresponding to module A as well
as a microsatellite consisting of TAC
repeats (F).
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At later stages of development, fluorescence was restricted toMicroinjection of LVEndo16GFP intoS. purpuratuseggs
pigment cells (Fig. 8l1), one of several cell types that are derivegesulted in a pattern of GFP expression similar to that observed
from SMCs (Gibson and Burke, 1985). Ectopic fluorescenca the reciprocal experiment. Fluorescence was observed in the
was strictly confined to the pigment cells, with no fluorescenceegetal plate of the hatched blastula, and later in the
detected in the ectoderm, PMCs, or other SMC derivatives. lihvaginating archenteron (Fig. 8D,E). In addition, fluorescence
is important to note that microinjection of thedo16promoter  was observed in the midgut of the pluteus larva until at least
into eggs of the same species did not produce ectoptbe four-arm stage (Fig. 8F). Fluorescence was not observed in
fluorescence in the SMCs or any other cell type. the hindgut, consistent with the endogenous pattern of
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Mesenchyme blastula Pluteus larva Fig. 8.Reciprocal cross-species transient
expression assays using tBedol6promoter.

GFP reporter constructs were microinjected in a
reciprocal cross-species experimental design.
Images were captured at three stages of
development: mesenchyme blastula (A,D,G,J),
gastrula (B,E,H,K), and pluteus larva (C,F,1,L).
Microinjection of SpEndo16GFP intoS.
purpuratuseggs results in a pattern of GFP
expression that recapitulates the results of in
situ hybridization of the endogenous gene
(Nocente-McGrath et al., 1989; Ransick et al.,
1993), and as observed by Yuh et al. (Yuh et al.,
1994) in transient expression assays (A-C).
Microinjection of LVEndo16GFP intoS.
purpuratuseggs results in the same pattern of
GFP expression (D-F). Note that it does not
drive GFP expression in the hindgut of the
pluteus larva (F). Microinjection @pEndol16
GFP intoL. variegatuseggs produces ectopic
fluorescence in the SMCs as well their pigment
cell derivatives (G-1). As in the reciprocal
experiment, no fluorescence is detected in the
hindgut of the pluteus larva (I). Microinjection

of LvEndo16GFP intoL. variegatuseggs

results in a pattern of GFP expression (J-L) that
recapitulates the results of in situ hybridization
of the endogenous gene as shown in Fig. 2.
Fluorescence persists in both the midgut and
hindgut of the pluteus larva (L).

SpEndol6 promoter
into S. purpuratus egg

LvEndol6 promoter
into S. purpuratus egg

SpEndol6 promoter
into L. variegatus egg

Remarkably, th&ndol6promoter displays

a mosaic pattern of evolution, with only
module A being conserved between the two
species. Reciprocal cross-species transient
expression assays indicate that the set of
transcription factors that bind to tBedo16
promoter has also diverged to some extent.
NonethelessLvEndol6is expressed in a
pattern similar to that observed i8.
purpuratus suggesting that stabilizing
selection has acted on the transcriptional
SpEndol16 expression. Unlike the reciprocal experiment,output of theEndol6promoter throughout the past 35 million
ectopic fluorescence was not observed in the SMCs or arygars.

other cell type. These data are summarized in Fig. 9.

LvEndol6 promoter
into L. variegatus egg

Evolutionary changes inthe  Endol6 promoter

Yuh et al. (Yuh et al., 1994) have demonstrated Erato16
DISCUSSION expression is regulated by 2.2 kb of sequence immediately

upstream of the transcriptional start site. This sequence
Our analysis of th&ndol6promoter reveals an unexpectedly contains at least 56 transcription factor binding sites that are
complex evolutionary dynamic. Capitalizing on detailedclustered into six functionally distinct modules that regulate the
biochemical and functional analyses of thedol6promoter level, timing and spatial transcription dEndol6 in S.
in the purple sea urchi®. purpuratugYuh et al., 1994; Yuh purpuratus We have shown that 2.2 kb of sequence
et al., 1996; Yuh and Davidson, 1996; Yuh et al., 1998; Yuh émmediately upstream of the transcriptional start site is
al., 2001a), we have analyzed the structure and function of thisifficient to driveEndol6expression throughout embryonic
promoter in a second sea urchin spediesyariegatus The  and larval development in. variegatusas well. Although the
LvEndol16cDNA sequence encodes a large 4.6 kb proteipattern ofEndol6expression is similar betweéh purpuratus
with several motifs, suggesting a role in cell adhesiorandL. variegatus(Fig. 3), our data demonstrate that drastic
(Soltysik-Espanola et al., 1994). Indeed, experiments usinghanges have evolved in teBeadol6promoter since these two
antisense morpholinos indicate that Endo16 may be requirespecies diverged. Of the entiEeadol6promoter, only the most
for the dynamic changes in cell adhesion that occur duringroximal region, module A, is conserved between the two
gut morphogenesis (L.A.R. and G.AW.,, unpublished).species (Fig. 7).
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Fig. 9. Summary of reciprocal cross-species transient expression assays ugingdfhépromoter. Microinjection of thEndol6promoter

into eggs of the same species results in a pattern of GFP expression (green) that recapitulates the results of in afitrh{/yiz

Microinjection of LVEndo16GFP intoS. purpuratugggs results in a host-specific pattern of GFP expression (B), while microinjection of
SpEndol16GFP intoL. variegatuseggs results in a donor-specific pattern of GFP expression with ectopic fluorescence in the SMCs and their
pigment cell derivatives (C). These data indicate that evolutionary changes have arisen both cis and tEam$ob6dene. (Arrows indicate
hindgut. Arrowheads indicate ectopic fluorescence in the SMCs and pigment cells.)

These results indicate that different regions within theby which patterns of gene expression are conserved for long
Endol6 promoter are under different levels of functional periods of evolutionary time (Ludwig et al., 2000). Several
constraint. Specifically, module A appears to be under a mudiudies provide support for this idea (e.g. Ludwig and
higher level of functional constraint than the rest of theKreitman, 1995; Maduro and Pilgrim, 1996; Tamarina et al.,
promoter. It is not surprising that certain modules of thel997; Ludwig et al., 1998; Piano et al., 1999; Takahashi et al.,
Endol6 promoter are more conserved than others becaud®99; Ludwig et al., 2000; Tumpel et al., 2002). Functional
they perform different functions. Modularity in cis-regulatory compensation appears to have also evolved withiEtit®16
sequences allows changes in gene expression to evolve in gremoter, although the changes are more extensive than in any
tissue independently of another, and has been proposeflthese previously known cases.
to facilitate the evolution of morphological diversity Several pieces of evidence are relevant to understanding
(Kitchhamer et al., 1996; Gerhart and Kirschner, 1998the genetic basis for conservation of function despite such
Carroll et al.,, 2001). Within théendol16 promoter, the divergence in sequences. Yuh and Davidson (Yuh and
conservation of module A makes functional sense given itBavidson, 1996) demonstrated that microinjection of a GFP
essential roles in relaying the integrated output of all moduleeporter construct containing only module A drives GFP
to the basal promoter and serving as the primary activator ekpression in the vegetal plate and archenteron, but is not
Endol6expression during embryogenesis (Yuh et al., 1998)sufficient to maintain expression in the midgut of the pluteus
Nucleotides within binding sites are more conserved thatarva inS. purpuratugYuh and Davidson, 1996). Despite the
those not in binding sites presumably because they afact that only module A is conserved, the 2.2 kb region
directly responsible for activatingndol6expression. This immediately upstream of the transcriptional start site of the
pattern of functional constraint on binding sites versus non-vEndol6gene is sufficient to drive later phased.eEndo16
binding sites has been noted for a few genes (e.g. Core et axpression. It is possible that module A is entirely responsible
1997). It is likely that negative selection has maintainedor the pattern oLvEndol6expression, although this seems
functionally important binding sites within module A of the unlikely given its inability to drive larval expression $
Endol6promoter sinces. purpuratusaandL. variegatuslast — purpuratus It is also possible that binding sites could not

shared a common ancestor. be identified upstream of module A within the&Endol6
) ) promoter because of unrecognized variation in their consensus
Functional conservation of the  Endo16 promoter sequences. Alternatively, the remaining region of the 2.2 kb

The pattern oEndol6expression is similar is. purpuratus region of thdevEndol6romoter may contain binding sites for
andL. variegatusdespite the fact that only module A of the a different set of transcription factors that are functionally
Endol6 promoter is conserved. It has been postulated thaquivalent to those in modules B-G of ygEndol{promoter.
selection for compensatory mutations is a primary mechanisifhat is, during the evolution of thendol6promoter, some
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binding sites may have been replaced by others that generatéhin binding sites for proteins with a regulatory function.
a similar pattern ofEndol6 expression. The transcription These changes may have been tolerated because they have little
factors that interact with thEndol6promoter may have co- or no effect on DNA/protein interactions, a possibility that can
evolved to maintain this pattern Bhdol6expression, as has be tested with mobility shift assays.

been documented for thmcoid promoter in insects (Shaw et  Reciprocal injection also produced fluorescence in the
al., 2002). In any case, tspEndol@&ndLvEndol6promoter  midgut of the pluteus larva (Fig. 9B,D). Yet, module B, which
sequences are very different, yet generate a similar patternwhs shown to maintaiSpEndoléxpression in this region of
Endol6 expression. Although this situation suggests theendoderm (Yuh et al., 1998), is not present.irvariegatus
operation of stabilizing selection, we cannot rule out thelhus, it appears as if changes have evolved withiEtu®16
possibility that drift or directional selection have beenpromoter to maintain the regulatory output of module B even
important contributors until data are obtained for additionaln the absence of any obvious sequence similarity. Interestingly,

species. the fact that theSpEndol6promoter correctly drives GFP
_ _ _ expression in the midgut df. variegatusindicates that the
Divergence in the pattern of ~ Endol6 expression appropriate transcription factors are expressed in both species

Although the pattern ofEndol6 expression is generally in a conserved manner. If this were not the case, GFP reporter
conserved, transcription persists only in the midgut of thexpression would not mimic the expression of the endogenous
pluteus larva irB. purpuratugNocente-McGrath et al., 1989; gene in reciprocal cross-species microinjection experiments.
Ransick et al., 1993), but in both the midgut and hindgut of thEor example, microinjection of the Cyllla promoter fr@n
pluteus larva in.. variegatus This difference in transcriptional purpuratusinto L. variegatuseggs resulted in ectopic CAT
regulation may have evolved in several different ways. Thactivity in several cell types (Franks et al., 1988).
SpEndol@&ndLvEndol6promoters may contain binding sites  Fluorescence was not detected in the hindgut upon
for different transcription factors involved in segmentation ofmicroinjection ofSpEndo165GFP intoL. variegatuseggs (Fig.

the tripartite gut. Alternatively, the expression and/or activity9C). Microinjection ofLvEndo16GFP intoS. purpuratu£ggs

of these transcription factors may be different between the twalso failed to produce fluorescence in the hindgut, despite the
species. For example, the transcription factor Ul binds withifiact thatLvEndol16is expressed in this region of endoderm
module B of the SpEndol6 promoter, and is directly (Fig. 9B). Either the appropriate transcription factors are not
responsible for maintainingSpEndol6 expression in the present in this region db. purpuratusor there has been a
midgut of the pluteus larva (Yuh et al., 1998). Although achange in the activity of co-factors that are required for these
binding site for the transcription factor Ul could not betranscription factors to bind to theyEndol6promoter.

identified within theLvEndol6promoter, it is possible that  Interestingly, microinjection ofSpEndol6GFP into L.
LvEndoZl6expression persists in the hindgut due to expansionariegatusconsistently produced ectopic fluorescence in the
of the spatial domain of Ul expression in variegatus SMCs and their descendents, the pigment cells (Fig. 9C). By
Another possibility is the existence of a transcription factor thatontrast, microinjection dftvEndo16GFP intoS. purpuratus
represse&ndol6expression, and is expressed in the hindgutid not produce ectopic fluorescence (Fig. 9B). These data

of S. purpuratusut notL. variegatus suggest thal. variegatusand S. purpuratususe different

) ) o mechanisms to repreg&dol6expression in the SMCs. The
Evolutionary changes in transcription factors that transcription factors that normally represSpEndol6
bind to the Endol6 promoter expression in the SMCs may not be preserit. imariegatus

Binding sites within modules B-G of ti&pEndol@romoter However, any transcription factors that normally repress
do not appear to be present in any region obtfiendol@ocus  LvEndol6 expression in the SMCs must be presentSin
including the 2.2 kb region that was shown to drive the correqiurpuratus Alternatively, it is possible that there are no
pattern of GFP expression (Fig. 7). This result suggests thhainding sites within theLvEndol16 promoter capable of
Endol6expression is regulated, at least in part, by a differeractivatingLvEndol6expression in the SMCs and other non-
set of transcription factors . purpuratusandL. variegatus  endodermal cell types.
Indeed, reciprocal injection of tHendo1l6promoter between Thus, it appears as though compensatory changes have
the two species revealed differences in the expression androlved that lie both cis and trans to thedol6gene. Only a
activity of transcription factors that bind to tHendol6 few studies have analyzed promoter sequences in the context
promoter. of another species to determine the extent to which the
Microinjection of SpEndo16GFP intolL. variegatuseggs, as  corresponding transcription factors have co-evolved (Klueg et
well as microinjection oLVEndol16GFP intoS. purpuratus al., 1997; Takahashi et al., 1999; Shaw et al., 2002). For
eggs, produced fluorescence in the vegetal plate arekample, Takahashi et al. (Takahashi et al., 1999) performed
archenteron (Fig. 9B,D). This result is consistent with the faateciprocal injections of therachyurypromoter in two species
that module A is responsible for activatiBgdol6expression of ascidians, Ciona intestinalis and Halocynthia roretzi
in these regions (Yuh et al., 1996; Yuh and Davidson, 1996Extensive changes have evolved in trachyury promoter,
Moreover, this most proximal region of tkendol6promoter  although it activates notochord-specific expression in both
is conserved betweed. purpuratusaandL. variegatus A few  species (Corbo et al, 1997, Takahashi et al., 1999).
nucleotide substitutions and indels occur within knownMicroinjection of theC. intestinalisbrachyury promoter into
transcription factor binding sites of module A (Fig. 6). SomeH. roretzi eggs produced ectopiacZ expression in other
of these changes occur within multiply represented bindinghesodermally derived tissues, suggesting that there have also
sites for the ‘structural’ protein GCF1, which stabilizes DNAbeen alterations in the set of transcription factors that bind to
looping (Zeller et al., 1995). However, a few changes occuthe brachyury promoter. Most other studies carried out
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unidirectional analysis of promoter sequences in the context ofanalysis of TATA-less proximal promoter functidvol. Biol. Evol.16, 194-
another species (e.g. Franks et al., 1988; Ludwig et al., 1998;207.

Ludwig et al.. 2000: Shashikant et al 1998) and may t}.]ere]c()ll%avidson, E. H. (2001). Genomic Regulatory Systems: Development and
V ! ! ’ Evolution San Diego: Academic Press.

_have m'SS_ed finding eV'd_ence for trans components to Chang§§ebley, J. and Lukens, L.(1998). Transcriptional regulators and the
in transcriptional regulation. evolution of plant formPlant Cell 10, 1075-1082.
In summary, this study combines expression, sequence aRddareva, N., Cseke, L., Blanc, V. M. and Pichersky, £1996). Evolution

functional nalvz han in cis-r [ r n f ﬂoral‘ sc_ent inCIarkia:‘noveI patterns of S-linalool synthase gene
u CF onal data to a ?‘y. € changes In cis _qu atory S.eque Cegxpressmn in th€. breweriflower. Plant Cell8, 1137-1148.
that influence transcription. Data from additional species of s§g,nks. R. R., Hough-Evans, B. R., Britten, R. J. and Davidson, E. H.

urchins will help provide a more complete understanding of (1988). Spatially deranged though temporally correct expression of
how changes in transcriptional regulation relate to the Strongylocentrotus purpurat#tin gene fusion in transgenic embryos of a
evolution of morphological diversity. In addition, site-directed _ different sea urchin familySenes Dew, 1-12.

. . . . erhart, J. and Kirschner, M. (1997). Cells, Embryos, and Evolution
mutagenesis and biochemical assays will allow us to test t Malden, MA: Blackwell Science.
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