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Fig. 4. Altered mechanisms for cell fate exclusion. (A,B) WMISH of

E. tribuloides showing that perturbation of Delta/Notch signaling by DAPT does
not interfere with clearance of Et-blimp1 (A) and Et-bra (B) transcripts from
mesoderm. (C) WMISH detecting Et-eve expression in E. tribuloides embryos
showing ectopic expression in NSM in embryos injected with Et-gcm MASOs
but not in embryos injected with control MASOs. LV, lateral view; OLV, oral-
lateral view; VV, vegetal view. Scale bars: 20 m.

of Delta/Notch signaling. Indeed, in E. tribuloides embryos that
were injected with Ef-gem morpholinos, Ef-eve expression is
increased throughout the vegetal plate, including in NSM cells
(Figs 3G and 4C). The exclusion of alternative cell fates is therefore
regulated by different mechanisms in the two species. In
S. purpuratus, Delta/Notch signaling is crucial for the exclusion
of endoderm fates, whereas in E. tribuloides Delta/Notch signaling
contributes to the exclusion of skeletogenic fates (Erkenbrack and
Davidson, 2015). Furthermore, E~-Gem mediates the repression of
Et-eve in the NSM, a regulatory linkage that has not been observed
in S. purpuratus.

Conserved activation of endoderm regulatory genes
downstream of maternal factors

The endoderm GRN in S. purpuratus specifies distinct anterior and
posterior endoderm cell fates during early stages of development, as
shown in Fig. SA (Peter and Davidson, 2010, 2011b). Both
endodermal GRNs in S. purpuratus are initially activated by
maternal Tcf/B-catenin. Previous results showed that expression of
Sp-blimp1, Sp-hox11/13b, Sp-foxa and Sp-bra is controlled by
maternal Tcf/B-catenin, with additional input from maternal Otx and
from Hox11/13b into Sp-blimp1, Sp-foxa and Sp-bra (Ben-Tabou
de-Leon and Davidson, 2010; Cui et al., 2014; Peter and Davidson,
2010, 2011b; Smith et al., 2008). To test the function of Tcf/
B-catenin in endodermal gene regulation in E. tribuloides,
nuclearization of B-catenin was perturbed by injection of
A-Cadherin mRNA and gene expression was analyzed at 8 h,
12 h and 16 h. Expression of Et-blimpl and Et-hox11/13b was
significantly reduced at 8h, indicating that activation of the
endodermal GRN depends on maternal Tcf/B-catenin (Fig. 5B
and Table S1). Similarly, injection of mRNA that encoded dominant
negative (dn)Otx-En significantly downregulated Et-blimp 1, Et-bra
and Et-foxa, but not Et-eve (Fig. 5C and Table S1). Therefore, initial
activation of regulatory genes in the anterior endoderm occurs in

Fig. 5. Perturbation of potential endodermal GRN circuitry in

E. tribuloides . (A) BioTapestry diagram displaying endodermal GRN circuits
operating in S. purpuratus that are tested in E. tribuloides. (B) gPCR analysis in
embryos injected with mRNA that encoded A-Cadherin, showing the
downregulated expression of endodermal regulatory genes (Et-blimp1, Et-
hox11/13b) but not of apical regulatory genes (Et-foxq2). n=2. (C) gPCR
analysis in embryos injected with mRNA that encoded dnOtx-En, showing the
effect on expression of several endomesodermal regulatory genes. n=2.

(D) gPCR analysis in embryos injected with Et-hox 11/13b MASOs, showing no
significant effect on Et-foxa, Et-bra and Et-blimp, but a decrease of Et-hox11/
13b expression. n=3. (E) gPCR analysis in embryos injected with Et-eve
MASOs indicating increase in Et-eve expression, but no effect on Et-hox11/
13b expression. n=3. (F) WMISH on embryos that were injected with Et-hox11/
13b morpholinos or control MASOs showing no change in the spatial
expression of Et-eve, but that expression of Et-hox11/13b is restricted to AE
and absent from PE. ddCt, normalized difference in gqPCR cycles compared
with control embryos. Error bars represent standard deviation. Individual
measurements are shown in Table S1. *P<0.05, **P<0.01 (two-tailed t-test).
Scale bars: 20 m.

both sea urchin species downstream of maternal Tcf/B-catenin and
Otx. However, injection of Et-hoxI1/13b morpholino did not
significantly affect the expression of Et-foxa, Et-blimp 1 and Et-bra,
which indicates that the regulatory function of Hox11/13b changed
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after the divergence of cidaroids and euechinoids (Fig. 5D and
Table S1).

Changes in the activation of the PE GRN

The expression of Sp-Hox11/13b initiates the specification of PE
and defines the boundary between endoderm and ectoderm in
S. purpuratus (Cui et al., 2014, 2017; Li et al., 2014; Peter and
Davidson, 2011b). The expression of Sp-Eve in the precursors of
PE, together with Wnt signaling from AE, leads to the activation of
Sp-hox11/13b expression in PE at 21-24 h (Cui et al., 2014; Peter
and Davidson, 2011b). In turn, Sp-Hox11/13b activates the
expression of Sp-bra. Both Sp-eve and Sp-hox11/13b are initially
expressed in AE, and restriction of these genes to PE involves the
auto-repression of both genes as well as the repression of Sp-eve by
Sp-Hox11/13b (Fig. 5SA) (Peter and Davidson, 2010, 2011b). In
E. tribuloides, blocking the expression of Et-Eve by injection of
morpholinos leads to increased levels of Et-eve expression at 18 h,
as shown by qPCR, which indicates that a negative auto-regulatory
feedback also controls the expression of Et-eve (Fig. SE).
However, expression of Et-hox11/13b was not affected by Et-Eve
perturbation, indicating that the regulation of hox11/13b is different
in the two sea urchin species. Injection of Et-hox11/13b
morpholinos did not significantly affect the expression of Et-eve
and Et-bra, but significantly reduced the expression of Et-hox11/
13b (Fig. 5D,F), contrary to observations in S. purpuratus.
Although the negative auto-regulation of eve appears to be
conserved in echinoids, the repression of eve and hox11/13b by
Hox11/13b, the activation of hox11/13b by Eve, and the activation
of bra by Hox11/13b, all appear to be specific features of the
euechinoid lineage that have been either acquired in the euechinoid
GRN after divergence from cidaroids or lost in extant cidaroids.

A community effect circuit in PE

After the initial activation of Sp-hox11/13b expression in PE by Wnt
signaling from the AE, the expression of Wnt ligands turns off in the
AE and expression of Sp-hox11/13b is subsequently maintained in PE
by a community effect circuit, a form of intercellular positive feedback
circuit (Cui et al., 2014; Gurdon, 1988). In this circuit, Sp-Hox11/13b
activates the expression of Sp-wntl and Sp-wntl6 and, in turn,
expression of Sp-hox11/13b is activated by signaling from Sp-Wntl
and Sp-Wnt16 among PE cells (Cui et al., 2014). To test whether the
community effect circuit is functional in E. tribuloides, we analyzed
the expression of Et-hox11/13b in embryos that were injected with
Et-hox11/13b morpholinos. In perturbed embryos, expression of
Et-hox11/13b was downregulated when analyzed by qPCR (Fig. 5D),
and not detected in PE cells when analyzed by WMISH (Fig. 5F).
Therefore, although expression of Et-hox11/13b remains unaffected in
AE in perturbed embryos, expression in PE depends on the presence
of Et-Hox11/13b, consistent with the requirement of a positive
feedback circuit that is dependent on Ez-Hox11/13b. Furthermore,
expression of Et-hox11/13b also depends on Tcf/B-catenin. These
observations are consistent with the conclusion that a Wnt- and
Hox11/13b-dependent community feedback circuit also controls
activation and maintenance of Et-hox11/13b expression in PE cells
of E. tribuloides, similar to S. purpuratus.

DISCUSSION

Conservation of regulatory genes in the sea urchin
endomesoderm GRN

At the phenotypic level, S. purpuratus and E. tribuloides display
remarkable similarities in endomesoderm development. Both form
similar endodermal domains, skeletogenic cells at the vegetal pole,

and both form pigment cells that become intercalated within the aboral
ectoderm at gastrula stage. Consistent with this observation,
regulatory genes that are crucial to the function of the
endomesoderm GRN in euechinoids are similarly patterning
endomesodermal domains of the distantly related cidaroid
E. tribuloides, which suggests a remarkable conservation of the
regulatory roles of transcription factors that contribute to the
specification of endomesodermal cell fates. All twelve regulatory
genes that were analyzed from the S. purpuratus endomesoderm GRN
were found to be expressed also in the E. tribuloides endomesoderm,
suggesting that the endomesoderm GRN in the last common echinoid
ancestor already included this set of regulatory nodes and likely
patterned the endomesoderm in a similar way. Furthermore, network
function in terms of regulatory state expression and specification of
cell fates also shows similarity between the two sea urchin species.
Our results indicate that the function of the endomesoderm GRN to
generate at least two mesodermal and two endodermal progenitor cell
fates was already present in the euechinoid/cidaroid ancestor. It has
also been shown, in other developmental contexts, that the expression
of regulatory states can be conserved over large evolutionary
distances, e.g. in the nervous system (Royo et al., 2011) and in
several cell types throughout bilateria (Arendt et al., 2016). Regulatory
states might therefore be among the most conserved features of
developmental GRNSs, indicating their importance to developmental
programs (Peter, 2017).

Evolutionary change in the function of Delta/Notch signaling
Our results show that, despite the establishment of similar
mesodermal cell fates and expression of similar regulatory states,
major changes have occurred in the GRN that controls specification
of NSM cells after the divergence of cidaroids and euechinoids, as
summarized in Fig. 6. Although Delta/Notch signaling is active
in the NSM in both species, the function of this signal in
NSM specification has changed during echinoid evolution. In
S. purpuratus, Delta/Notch signaling is crucially important for the
activation of NSM specification and the formation of pigment cells,
and for the expression of Sp-gem. Yet in E. tribuloides, interfering
with Delta/Notch signaling does not affect pigment cell
specification or Ef-gcm expression. A simple explanation would
have been that Delta/Notch signaling is not active in NSM cells in
E. tribuloides, but this is not the case, as absence of Delta/Notch
signaling leads to an activation of the skeletogenic cell fate in NSM
cells (Erkenbrack and Davidson, 2015).

To reconstruct the evolutionary events that led to this
redeployment of Delta/Notch signaling, we first considered
regulatory features that were already present in the last common
ancestor of cidaroids and euechinoids. Both species possess SM
cells that express Delta and that are surrounded by NSM cells in
which Delta/Notch signaling is activated. Furthermore, both
S. purpuratus and E. tribuloides produce Gem in NSM cells,
which is required for the specification of pigment cells. Therefore,
ancestral echinoids possessed NSM cells with activated Delta/
Notch signaling in which Gem functioned as a transcriptional
activator of pigment cell specification. The specific evolutionary
change in the function of Delta/Notch signaling that occurred after
the divergence of euechinoids and cidaroids therefore specifically
affected the regulatory interaction between Delta/Notch signaling
and the gem target gene, which was either lost in cidaroids or
acquired in the euechinoid lineage.

To determine the function of Delta/Notch signaling that is likely to
be ancestral, a comparison with distantly related echinoderms
becomes necessary. In embryos of the sea star P. miniata, Pm-delta
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Fig. 6. Evolution of endomesodermal GRN circuits in echinoids. Biotapestry diagram (Longabaugh, 2012; Longabaugh et al., 2005) showing GRN
circuits in NSM, AE and PE. Regulatory interactions that function in both species are shown by brown linkages, linkages specific to S. purpuratus are
shown in red and those specific to E. tribuloides are shown in blue. The results show that only a few of the regulatory circuits tested remained conserved in
the echinoid endomesoderm GRN since these two species last shared a common ancestor more than 268 million years ago. Circles indicate intercellular

signaling interactions.

is expressed in vegetal pole cells, leading to activation of Delta/Notch
signaling in adjacent cells despite the absence of skeletogenic and
pigment cell fates (Hinman and Davidson, 2007). The function of
Delta/Notch signaling in sea star embryos has been shown to lead to
the exclusion and not the activation of mesodermal cell fates, similar
to the function of Delta/Notch signaling in E. fribuloides, (Hinman
and Davidson, 2007). These results suggest that the ancestral function
of Delta/Notch signaling in the NSM was to suppress alternative
cell fates, and that novel functions for Delta/Notch signaling in
the specification of mesoderm cell fates were acquired within
the euechinoid mesodermal GRN. During euechinoid evolution, the
regulatory gene gecm became a novel target gene of Delta/Notch
signaling during the pre-gastrular stages of embryogenesis. This
regulatory interaction most likely formed by the acquisition of
binding sites for SuH, the transcription factor responding to Delta/
Notch signaling, in the cis-regulatory sequences that control Sp-gcm
expression (Ransick and Davidson, 2006). The evolutionary change
therefore led to the co-option of a regulatory interaction between a
developmental signal and a target gene that were already both active
in the same cells in an ancestral organism.

The important role of Delta/Notch signaling in mesoderm
specification that was acquired in euechinoids might be somehow
connected to the particular geometry of these embryos (Cameron
and Davidson, 1991; Ruffins and Ettensohn, 1996). The first few

cell divisions in S. purpuratus embryos are synchronized, producing
a constant number of skeletogenic cells and a constant number of
cells surrounding them in every embryo (Cameron et al., 1991). A
ring of 15-16 cells surround the Sp-delta-expressing skeletogenic
cells and forms the progenitors of the NSM lineage. These NSM
precursors are all in contact with Sp-Delta-producing cells and
express Sp-gem in response to Delta/Notch signaling (Ransick and
Davidson, 2006). In E. tribuloides however, only few skeletogenic
cells are initially specified, and the number of skeletogenic cells
varies (Erkenbrack and Davidson, 2015; Schroeder, 1981). As a
result, the number of cells that receive contact-dependent Delta/
Notch signaling also varies. The lack of control of the number
of cells that receive Delta/Notch signaling might limit the function
of this signal to the exclusion of alternative cell fates, whereas other
regulatory mechanisms control the activation of mesoderm
specification in a broader area of cells. Based on this argument,
we would predict that the inductive function of Delta/Notch
signaling in the NSM has been acquired only after the development
of an invariant cleavage pattern during euechinoid evolution.

Acquisition of a positive feedback circuit downstream

of Delta/Notch signaling

As with most developmental signaling interactions, Delta/Notch
signaling is active only transiently in NSM cells of S. purpuratus and,
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subsequently, expression of Sp-gem depends on a positive feedback
circuit (Ransick and Davidson, 2012). This network constellation
represents no exception. Positive feedback circuits are frequently
observed motifs in GRNs, particularly downstream of transient
signaling interactions (Narula et al., 2013; Peter and Davidson, 2015;
Peter and Davidson, 2017). The proposed function of the signal-
induced positive feedback circuit is to ensure that genes activated by a
transient signal will continue to be expressed once the signal turns
off. In E. tribuloides, expression of Et-gcm is not controlled by a
transient signaling input but instead by maternal transcription factors
that are present throughout early embryogenesis. Consistent with the
idea that a positive feedback circuit is important, in particular in the
context of transient signaling interactions, we found that Er-gcem
expression does not depend on a positive feedback (Fig. 6). The
positive feedback circuit mediated by Sp-gcm, Sp-gatae and Sp-six1/
2 is therefore a network feature that most likely evolved in the
euechinoid endomesoderm GRN after the divergence from cidaroids.
The observation that, during euechinoid evolution, gcm became a
target of Delta/Notch signaling in early embryogenesis as well as a
positive feedback circuit is consistent with the assumption that these
two regulatory mechanisms are coupled.

Evolutionary change and conservation in the endoderm GRN
One might expect to see fewer evolutionary changes within the
endoderm than the mesoderm GRNSs, given the morphological
similarities of endoderm development among echinoderms. Indeed,
expression of FoxA throughout the endoderm, GataE in the midgut,
and Hox11/13b in the hindgut is very similar at gastrula stage in
E. tribuloides and S. purpuratus, and orthologs of all three
transcription factors are also involved in the patterning of the
vertebrate gut (Zorn and Wells, 2009). However, despite the
expression of similar endodermal regulatory genes in the two sea
urchin species, we present evidence here that evolutionary rewiring
also affected the endoderm GRN. Most regulatory interactions
tested here between eve, hox11/13b, bra, foxa and blimp 1, were not
functional during pre-gastrular development in E. tribuloides. Two
important aspects of the endoderm GRN however appear to be
shared in the two sea urchin species. First, the initial expression of
endodermal regulatory genes depends on Tcf/B-catenin and Otx,
which are transcription factors that are initially maternal and later
provided by Wnt signaling and ofx expression. Second, the
maintenance of regulatory gene expression in PE cells depends on
an intercellular community effect circuit, a circuit that regulates the
expression of a common regulatory state within a field of cells in
both species (Fig. 6) (Gurdon, 1988). Similarly, in sea star embryos,
endodermal expression of bra is controlled by Tcf/B-catenin and
Wntl6 is expressed in the PE, as in S. purpuratus (McCauley et al.,
2013; McCauley et al., 2015). The importance of Wnt signaling in
the activation of endodermal GRNSs is therefore a shared feature
among echinoderms and possibly beyond.

Evolutionary history of the endomesoderm GRN

The comparative analysis of the endomesoderm GRNs in
S. purpuratus and E. tribuloides reveals a remarkable conservation
of regulatory nodes, as all twelve regulatory genes tested here are
expressed in the endomesoderm of both species, as components of
similar cell fate-specific regulatory states. However, a considerable
rearrangement of network architecture has occurred since these two
lineages diverged from each other at least 268 mya. Evolutionary
rewiring in the upstream hierarchy of developmental GRNs has also
been shown in other animals. For example, the segmentation in early
arthropod embryos involves expression of en and wingless at the

anterior and posterior boundary of each parasegment, but whereas the
expression of these genes is conserved, the GRN that controls their
expression is different in Drosophila and Tribolium embryos (Choe
and Brown, 2009; Damen, 2007; Peel et al., 2005). The novel features
of the endomesoderm GRN, which were acquired after the
divergence of cidaroids and euechinoids, are the regulatory
interactions among signaling molecules and transcription factors
that are already co-expressed in given cell fates, thus contributing to
the timing and maintenance of regulatory state expression in respect
to the developmental geometry of the sea urchin embryo.

In conclusion, this work shows that, despite the remarkable
conservation of transcription factors that control development in the
sea urchin endomesoderm and in other developmental processes,
GRNs may continue to evolve by formation of novel regulatory circuits
through gain and loss of regulatory interactions. Developmental GRNs
therefore display some degree of flexibility in network architecture,
allowing the continuous rewiring of regulatory linkages among
conserved sets of regulatory factors without necessarily affecting
downstream cell fate-specific gene expression. Through comparison of
regulatory functions among homologous developmental GRNs at
different evolutionary distances, it therefore becomes possible to
reconstruct the evolution of complex developmental control
mechanisms that occurred over long periods of evolutionary time.

MATERIALS AND METHODS

Animals and embryo cultures

Eucidaris tribuloides sea urchins were obtained off the coast of Key Largo,
FL (SeaLife) and were maintained in room temperature aquaria. Animals
were spawned by intracoelomic injection of 0.5 M KCI. Cultures were
grown between 22°C and 23°C in Millipore-filtered natural sea water.

qPCR

The qPCR timecourse for the twelve genes of interest in this study was
carried out at 23°C over the first 20 h post fertilization (hpf) of E. tribuloides
development. For each timepoint, 100 embryos were collected and a cDNA
template was obtained as previously described (Erkenbrack and Davidson,
2015). To obtain per embryo transcript counts in timecourse samples, each
timepoint was spiked with ~1000 copies of synthetic Xeno RNA (TagMan
Cells-to-Ct Kit, Life Technologies). Microinjected embryos [morpholino
antisense oligonucleotides (MASO) and constructs] were prepared as
previously described (Erkenbrack and Davidson, 2015), except that the
exogenous RNA spike-in was Xeno RNA rather than GFP RNA. Primers to
amplify cDNA were designed based on incomplete sequences provided by
EchinoBase. ¢cDNAs were amplified, cloned, sequenced and used as
templates for probe synthesis. All cDNA sequences have been deposited in
GenBank (accession numbers are listed in Table S2). gPCR analysis for each
gene was performed using the primer sequences in Table S3. Statistical
analyses were carried out on delta Ct values (two-tailed #-test) of control and
treatment groups of two to four replicates. A P-value <0.05 was considered
statistically significant.

WMISH

Chromogenic WMISH was carried out as previously described (Erkenbrack
and Davidson, 2015). Embryos were prepared for double fluorescent
WMISH (dfWMISH) according to the same protocol and were stained using
the Tyramide Signal Amplification Kit (Perkin Elmer). Anti-digoxygenin-
AP FAB fragment (Roche, 11093274910) concentration was 1:2000, and
both cyanine3 and fluorescein were diluted 1:400 in manufacturer’s diluent
solution. Staining proceeded for ~5min at room temperature. Stained
embryos were imaged on an Axioskop II Plus equipped with an Axiocam
MRec (Carl Zeiss). WMISH primers used in this study are listed in Table S4.

Microinjection of MASOs, constructs, and RNA
Unfertilized eggs of E. tribuloides were prepared essentially as described in
Erkenbrack and Davidson (2015). MASOs were synthesized by Gene Tools
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and their sequences are provided in Table S5. All MASO injection solutions
were 1 mM, and each fertilized egg received ~10 pl of injection solution.
Gene expression in MASO-injected embryos was compared with uninjected
embryos of the same batch, as in Erkenbrack and Davidson (2015).
Injected embryos were monitored and experiments discarded if embryos
showed developmental delays. Embryos for WMISH or qPCR were
collected and processed as described above. At least 100 embryos were
injected or treated per experiment and, of these, 10-20 embryos were carried
forward for imaging and downstream analyses. The Ef-dnOtx-En mRNA
construct consisted of: 5'-T3 RNA polymerase recognition sequence, the 5’
885 nucleotide (nt) repressor domain of the Drosophila melanogaster
engrailed coding sequence, the 225 nt homeodomain of E. tribuloides, and a
21 nt nuclear localization sequence-3’ (see the supplementary information
for details). The complete coding sequence was codon-optimized and
synthesized as a single gBlocks fragment (IDT). After addition of dATP
nucleotides to the 3" ends, the construct was directly ligated into pPGEM-T
vector (Promega) and cloned into Escherichia coli. Capped mRNA was
synthesized using the T3 mMessage Machine kit (Ambion, Thermo Fisher
Scientific) and microinjected into E. tribuloides embryos. A-Cadherin
RNA, which blocks B-catenin nuclearization at the vegetal pole, was
synthesized with SP6 mMessage Machine kit (Ambion, Thermo Fisher
Scientific) and injected at a concentration of 1000 ng/ul. As a control for
the effect of the introduction of exogenous RNAs we injected capped
GFP mRNA.

Treatment with small molecule inhibitors
Embryos were treated with DAPT (GSI-IX, Selleck Chemicals). Dose
response was tested using three concentrations of DAPT (5, 10 and 20 uM)
and all experiments were carried out at 10 uM.
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