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its highest ($17.5 million) when up to 2 km2 of
mangroves are allowed to be converted to shrimp
aquaculture and the remainder of the ecosystem
is preserved. This outcome also yields a more
equitable distribution across stakeholders (Fig.
2B), which may be an important objective in
any EBM strategy for coastal management. Lo-
cal mangrove-dependent coastal communities and
other coastal communities living within 5 km
inland would obtain approximately the same
share of economic benefits from the mangrove
system ($15.6 and $13.2 million, respectively), but
now outside investors would earn some commercial
profits from shrimp farming ($1.9 million). Finally,
we note that the outcome from our Thailand
mangrove valuation example corresponds to
“best practice” guidelines for mangrove manage-
ment in Asia, which recommend that ideal
mangrove/pond ratios should not exceed 20% of
the habitat area converted to ponds (23, 24).

By including nonlinear relationships in an
economic valuation of ecosystem services, our
results challenge the assumption that the compet-
ing demands of coastal interface systems must
always result in either conservation or habitat de-
struction. As the case study of Thailand man-
groves illustrates, the way in which ecological
and economic analysis is combined to estimate
the values of various ecosystem services can have
a large impact on coastal EBM outcome. If point
estimates of these values are used to project linear
relationships between the benefits of ecosystem
services with respect to changes in key ecosys-
tem physical attributes, such as area or distance
from shore, then the result might be to force
EBM decision-making into a simple “all or
none” choice. This result is at odds with EBM

strategies, which emphasize reconciliation be-
tween economic development pressures and
conservation of critical ecosystem resources and
services (5–8). However, if the nonlinear ecolog-
ical function underlying a service, such as coastal
protection afforded by mangroves, is incorporated
into economic valuation, then we more realisti-
cally represent how ecosystem services change
with habitat conversion and how EBM may best
be used.
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b-Catenin Defines Head Versus
Tail Identity During Planarian
Regeneration and Homeostasis
Kyle A. Gurley, Jochen C. Rink, Alejandro Sánchez Alvarado*

After amputation, freshwater planarians properly regenerate a head or tail from the resulting
anterior or posterior wound. The mechanisms that differentiate anterior from posterior and direct
the replacement of the appropriate missing body parts are unknown. We found that in the
planarian Schmidtea mediterranea, RNA interference (RNAi) of b-catenin or dishevelled causes
the inappropriate regeneration of a head instead of a tail at posterior amputations. Conversely,
RNAi of the b-catenin antagonist adenomatous polyposis coli results in the regeneration of a tail at
anterior wounds. In addition, the silencing of b-catenin is sufficient to transform the tail of uncut
adult animals into a head. We suggest that b-catenin functions as a molecular switch to specify and
maintain anteroposterior identity during regeneration and homeostasis in planarians.

b ‐Catenin is a multifunctional protein that
controls transcriptional output as well as
cell adhesion. During embryonic develop-
ment of both vertebrates and invertebrates,

b-catenin regulates a variety of cellular processes,
including organizer formation, cell fate specifi-

cation, proliferation, and differentiation (1–9). In
adult animals, the Wnt/b-catenin pathway partic-
ipates in regeneration and tissue homeostasis;
misregulation of this pathway can lead to degen-
erative diseases and cancer in humans (9–12). In
response to upstream cues, such as Wnt ligands

binding to Frizzled receptors, b-catenin accumu-
lates in nuclei (Fig. 1A) and invokes transcrip-
tional responses that direct the specification and
patterning of tissues (13, 14). Adenomatous
polyposis coli (APC) is an essential member of
a destruction complex that phosphorylates b-
catenin, resulting in its constitutive degradation.
Hence, loss of APC leads to a rise in b-catenin
levels that is sufficient to drive transcriptional re-
sponses (15). The intracellular protein Dishevelled
has multiple functions but plays an essential role
as a positive regulator of b-catenin by inhibiting
the destruction complex (16).

As part of a systematic effort to define the
roles of signaling pathways in planaria, we ana-
lyzed the canonical Wnt signaling system in
Schmidtea mediterranea. We cloned and deter-
mined the expression patterns of all identifiable
homologs of core pathway components (Fig. 1A)
and silenced them, individually or in combina-
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tions, on the basis of likelihood of redundancy as
gleaned from the expression data (figs. S1 to S6
and table S1). RNAi-treated animals were then
amputated to assess the role of the silenced genes
during regeneration (Fig. 1B). After head and tail
amputations of control worms, the remaining

trunk formed one anterior and one posterior
blastema, which then differentiated to replace the
missing structures (Fig. 1C; n = 28). However,
RNAi of a single b-catenin (Smed-bcatenin-1),
both dishevelled homologs (Smed-dvl-1;Smed-
dvl-2), or APC (Smed-APC-1) caused striking

alterations in the anteroposterior (A/P) identity of
regenerating tissues (Fig. 1, D to F). Both blas-
temas of Smed-bcatenin-1(RNAi)worms adopted
an anterior fate, resulting in animals with two
heads of opposite orientation (penetrance = 100%,
n = 39). Smed-dvl-1(RNAi);Smed-dvl-2(RNAi)
worms also regenerated heads from both blastemas
but displayed additional phenotypes, including
ectopic and supernumerary photoreceptors in the
anterior region. This is consistent with the
multiple roles of Dishevelled in different path-
ways (Fig. 1E; penetrance = 75%, n = 20). On the
other hand, Smed-APC-1(RNAi) animals regener-
ated tails from both amputation planes (Fig. 1F;
penetrance = 60%, n = 43).

To address whether these changes were super-
ficial or reflected a fate transformation of internal
cell types and organ systems, we used anatomical
and molecular markers of A/P identity. Anatomically,
two organ systems with characteristic asymmetries
along the A/P axis were examined: (i) the central
nervous system (CNS), composed of two anterior
cephalic ganglia (brain) and two ventral cords
projecting posteriorly (Fig. 1G), and (ii) the
digestive system, consisting of a single anterior
and two posterior gut branches (Fig. 1K). The
“posterior” head of Smed-bcatenin-1(RNAi) and
Smed-dvl-1(RNAi);Smed-dvl-2(RNAi) animals
contained a characteristically anterior nervous
system and gut, as did the “anterior” head (Fig. 1,
H, I, L, and M). In contrast, the “anterior” tail of
Smed-APC-1(RNAi) animals was devoid of dis-
cernible brain tissue and exhibited posterior struc-
tures, as did the “posterior” tail (Fig. 1, J and N).

To define the molecular extent of A/P mis-
specification, we used twomarkers identified during
our in situ analyses that are specifically expressed at
the anterior and posterior ends of intact and regen-
erating animals (Fig. 1, A, O, and S). Smed-
sFRP-1, a homolog of secreted Frizzled-related
proteins (sFRP), was expressed in an arch of cells
capping the anterior edge of the animal. In con-
trast, Smed-fz-4, a homolog of Frizzled receptors,
was expressed at the posterior edge in a posterior-
to-anterior gradient.We refer to Smed-sFRP-1 and
Smed-fz-4 as the “anterior marker” and the “poste-
riormarker,” respectively, in all subsequent analyses.

In Smed-bcatenin-1(RNAi) and Smed-dvl-
1(RNAi);Smed-dvl-2(RNAi) worms, the “poste-
rior” head expressed the anterior marker, whereas
the posterior marker was severely reduced or
absent (Fig. 1, P, Q, T, and U). Conversely, the
“anterior” tail of Smed-APC-1(RNAi) animals
expressed the posterior marker, whereas the an-
terior marker was severely reduced or absent
(Fig. 1, R and V). We noted that misspecified
heads and tails in RNAi-treated worms moved
independently from the rest of the animal,
hence this tissue was functioning autonomously
(movies S1 to S3). We conclude that silencing
Smed-bcatenin-1, Smed-dvl-1(RNAi);Smed-dvl-
2(RNAi), or Smed-APC-1 is sufficient to mis-
specify blastema identity.

The inappropriate regeneration of complete
heads and tails in RNAi-treated animals sug-

Fig. 1. Signaling through b-catenin defines head versus tail during regeneration. (A) Canonical
Wnt pathway. Numbers denote S. mediterranea homologs identified and silenced. (B) Experimental
strategy. (C to V) Trunk fragments 14 days after amputation. Dashed lines, amputation planes;
control, unc-22(RNAi). (C) to (F): Live animals. (D) and (E): Smed-bcatenin-1(RNAi) and Smed-dvl-
1(RNAi);Smed-dvl-2(RNAi) posterior blastemas formed heads with photoreceptors (arrowheads).
Smed-dvl-1(RNAi);Smed-dvl-2(RNAi) fragments also developed ectopic photoreceptors, often
within old tissues (arrows). (F): Smed-APC-1(RNAi) anterior blastemas formed tails. (G) to (V): In
situ hybridizations (n ≥ 5 per marker). Markers: CNS, prohormone convertase 2 (PC2); gut, porcupine
(Smed-porcn-1); anterior, secreted frizzled-related protein (Smed-sFRP-1); posterior, frizzled
(Smed-fz-4). (G) and (K): Normal brain and ventral nerve cords; single anterior and dual posterior
gut branches (dotted lines). (H), (I), (L), and (M): Smed-bcatenin-1(RNAi) and Smed-dvl-1(RNAi);Smed-
dvl-2(RNAi) posterior blastemas developed brain tissue and head-like gut branches. (J) and (N):
Smed-APC-1(RNAi) anterior blastemas developed tail-like nerve cords and gut branches. (O) and (S):
Normal anterior and posterior marker expression. (P), (Q), (T), and (U): Smed-bcatenin-1(RNAi)
and Smed-dvl-1(RNAi);Smed-dvl-2(RNAi) induced anterior marker expression at both ends,
whereas the posterior marker was virtually undetectable. (R) and (V): Smed-APC-1(RNAi) induced
posterior marker expression at both ends, whereas the anterior marker was virtually undetectable.
Scale bars, 200 mm.
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gested that regulators of b-catenin act early dur-
ing regeneration. We therefore used the anterior
and posterior markers to investigate the onset of
blastema differentiation in control and RNAi-
treated trunk fragments (Fig. 2, A and B). In
control animals at 12 hours after amputation,
the anterior marker was virtually undetectable,
whereas the posterior marker was clearly evident
in the posterior blastema; 24 hours after ampu-
tation, the two markers recapitulated the A/P
specificity seen later during regeneration and in
adult animals (Fig. 1, O and S; Fig. 2, A and B).
However, in Smed-bcatenin-1(RNAi) trunks, the
anterior marker was expressed at both ends by 12
hours andmaintained throughout the experiment,
whereas the posterior marker remained markedly
reduced (Fig. 2, A and B). The reverse was ob-
served in Smed-APC-1(RNAi) trunks (Fig. 2, A
and B). Consistent with the inferred time window
for b-catenin signaling, Smed-bcatenin-1 and
Smed-APC-1 were expressed at both ends in
wild-type animals by 12 hours (fig. S7). These
results indicate that b-catenin and APC act very
early to determine blastema identity.

We next used animals silenced for both Smed-
bcatenin-1 and Smed-APC-1 to test whether the
Smed-APC-1(RNAi) phenotype results from in-
creased b-catenin activity. Under these conditions,
anterior blastemas were properly fated, indicating
that themisspecification phenotype of Smed-APC-
1(RNAi) depends on Smed-bcatenin-1 (Fig. 2C).
Additionally, posterior blastemas adopted an ante-
rior fate, indicating that the Smed-bcatenin-1(RNAi)
phenotype does not depend on APC activity. The

Fig. 2. Smed-bcatenin-1(RNAi) and Smed-
APC-1(RNAi) phenotypes manifest early, and
the Smed-APC-1(RNAi) phenotype depends
on Smed-bcatenin-1. (A) Anterior (Smed-
sFRP-1) and (B) posterior (Smed-fz-4) marker
expression time course in regenerating trunk
fragments. Anterior (ant.) and posterior (post.)
blastemas from the same representative frag-
ments are shown (n ≥ 15 per condition). Scale
bars, 200 mm. (C) Double-silencing experi-
ments assaying Smed-sFRP-1 expression in
anterior trunk blastemas 4 days after ampu-
tation; animals were scored as high, low, or
absent (see examples, top row). Proportions
of scored animals are listed for each cat-
egory (n ≥ 24 per condition). Control,
unc-22(RNAi).

Fig. 3. Smed-bcatenin-1, Smed-dvl-1;
Smed-dvl-2, and Smed-APC(RNAi)
phenotypes do not depend on posi-
tion or orientation of amputation. Frag-
ments 14 days after amputation are
shown; control, unc-22(RNAi). (A to E)
PC2 in situ hybridization (CNS) (n ≥ 5).
Smed-bcatenin-1(RNAi) and Smed-dvl-
1(RNAi);Smed-dvl-2(RNAi) fragments
regenerated posterior brain tissue; Smed-
APC-1(RNAi) fragments failed to regen-
erate anterior brain tissue. (F toM) During
lateral regeneration, Smed-bcatenin-1(RNAi)
and Smed-dvl-1(RNAi);Smed-dvl-2(RNAi)
animals developed supernumerary heads
and photoreceptors; Smed-APC-1(RNAi)
prevented proper regeneration of these
structures (n ≥ 15). Photoreceptors were
visualized with VC-1 antibody (25). (N to U) In situ hybridization (n ≥ 5 per marker). Anterior marker
(Smed-sFRP-1) expression expanded posteriorly along the blastema in Smed-bcatenin-1(RNAi) and
Smed-dvl-1(RNAi);Smed-dvl-2(RNAi) animals, whereas Smed-APC-1(RNAi) restricted expression to
preexisting tissues. Posterior marker (Smed-fz-4) expression was severely reduced in Smed-bcatenin-
1(RNAi) and Smed-dvl-1(RNAi);Smed-dvl-2(RNAi) animals but expanded throughout regenerated
tissues in Smed-APC-1(RNAi) animals. (F) to (I): Live animals. White arrowheads, photoreceptors; black
arrowheads, extent of anterior marker expression. Scale bars, 200 mm.
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combined data show that signaling through b-
catenin occurs at posterior amputations and is nec-
essary and sufficient to specify tail fate. In contrast,
signaling through b-catenin is blocked or never oc-
curs at anterior amputations, and this is necessary
and sufficient to specify head fate. The premature
expression of the anterior marker in Smed-bcatenin-
1(RNAi) worms may indicate that in wild-type
planarians, b-catenin inhibition does not imme-
diately follow amputation (Fig. 2A). We suggest
that b-catenin activity acts as a molecular switch
to specify head versus tail fate in planarians.

We then explored whether the b-catenin
switch plays a role in blastema identity regardless
of the A/P location or angle of amputation. In-
deed, the head fragments of Smed-bcatenin-1(RNAi)
and Smed-dvl-1(RNAi);Smed-dvl-2(RNAi) worms
regenerated a head from the posterior wound
(penetrance = 79%, n = 24; penetrance = 82%, n =
33, respectively), and the tail fragments of Smed-
APC-1(RNAi) worms regenerated a tail from the
anterior wound (penetrance = 67%, n = 27; Fig. 3,
A to E, and movie S4). After longitudinal am-
putation along themidline, control animals formed
a blastema along the A/P axis and regenerated
mediolaterally (Fig. 3, F, J, N, and R). In con-
trast, Smed-bcatenin-1(RNAi) and Smed-dvl-

1(RNAi);Smed-dvl-2(RNAi) worms regenerated
anterior tissue and developed multiple ectopic
heads along the lateral edge (Fig. 3, G, H, K, L,
O, P, S, and T). Themost severely affected Smed-
APC-1(RNAi) worms regenerated posterior tissue
and failed to replace the lost head structures (Fig. 3,
I, M, Q, and U). Thus, the laterally regenerating
tissue in RNAi-treated animals was misspecified.
Our data indicate that b-catenin activity is regulated
during lateral regeneration and that the b-catenin
switch can dominantly misspecify regenerating tis-
sues regardless of A/P position or amputation angle.

Smed-bcatenin-1(RNAi) animals also displayed
striking changes in the nonregenerating portions
of regenerating fragments.Smed-bcatenin-1(RNAi)
tail fragments at 24 and 48 hours after amputation
expressed the anterior marker in cell clusters
around the circumference of the fragment (Fig. 4,
A, B, D, and E). By day 14, in addition to a new
head, moving head-like protrusions developed
from the periphery (Fig. 4, C and F, and movie
S5). Similar protrusions also developed in trunk
fragments (movie S2).

Such fate changes may have been initiated by
amputation. We therefore observed unamputated
(intact)worms14days after the finalRNAi feeding.
Ectopic photoreceptors were visible in the tail of all

(n = 20) Smed-bcatenin-1(RNAi) animals and none
of the control animals (Fig. 4, G, H, M, and N).
Intact RNAi-treated animals also exhibited ectopic
lateral protrusions, formed a brain in the tail region,
and expressed the anterior marker posteriorly (Fig.
4, I to L and O to R, andmovie S6). Themolecular
basis for such a change of A/P polarity in an adult
organism was previously unknown.

Together, our data demonstrate the funda-
mental importance of b-catenin in themaintenance
of polarity and cell fate during tissue regeneration
and homeostasis in planarians (fig. S8). Our
findings reveal a dynamic control of b-catenin in
adult animals that is not readily apparent during
the progression of embryogenesis: The precise
quantity and location of regenerating tissue is
different for each individual and for each re-
generation event, newly regenerated tissues must
integrate with the old, and ongoing homeostatic
cell turnover may require sustained instructive
cues. It is interesting that we did not observe any
head or tail misspecification phenotypes for any
of the upstream components of canonical Wnt
signaling (Wnts, Frizzleds, or Porcupines; see
table S1). Although we cannot rule out protein
perdurance, incomplete gene silencing, or re-
dundancy with known or unidentified compo-
nents, the intracellular components of b-catenin
signaling may be regulated by an unconventional
upstream mechanism to specify polarity during
regeneration and/or homeostasis. Indeed, b-
catenin regulation can be Wnt-independent in
vertebrate cells, and Dishevelled remains the
most upstream known b-catenin regulator during
early sea urchin development (14, 17, 18). With
respect to putative downstream effectors, planar-
ians can regenerate double heads after pharma-
cological gap junction inhibition, and b-catenin is
implicated in gap junction formation and func-
tion (19–21). Finally, whether specification and
maintenance of the planarian A/P axis via b-
catenin is or is not independent of Hox proteins
remains to be determined.

More than 100 years ago, T. H. Morgan
reported that fragments with closely spaced an-
terior and posterior amputation planes occasion-
ally regenerate two-headed animals (22, 23). He
termed these animals “Janus heads” and sug-
gested that “something in the piece itself de-
termines that a head shall develop at the anterior
cut surface and a tail at the posterior cut surface”
(24). Our results indicate that b-catenin activity is
a key target of polarity specification in planar-
ians, providing mechanistic insight into the old,
unanswered question of how blastema fate is
controlled. We propose that the evolutionarily
ancient b-catenin protein, in a manner reminis-
cent of its role during metazoan embryogenesis
(6, 8), acts as a molecular switch in adult pla-
narians and that it may play a similar role in the
adult tissues of other animals.
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Smed-bcatenin-1 Is Required for
Anteroposterior Blastema Polarity
in Planarian Regeneration
Christian P. Petersen1 and Peter W. Reddien1,2*

Planarian flatworms can regenerate heads at anterior-facing wounds and tails at posterior-facing
wounds throughout the body. How this regeneration polarity is specified has been a classic
problem for more than a century. We identified a planarian gene, Smed-bcatenin-1, that
controls regeneration polarity. Posterior-facing blastemas regenerate a head instead of a tail in
Smed-bcatenin-1(RNAi) animals. Smed-bcatenin-1 is required after wounding and at any
posterior-facing wound for polarity. Additionally, intact Smed-bcatenin-1(RNAi) animals display
anteriorization during tissue turnover. Five Wnt genes and a secreted Frizzled-related Wnt
antagonist-like gene are expressed in domains along the anteroposterior axis that reset to new
positions during regeneration, which suggests that Wnts control polarity through Smed-bcatenin-1.
Our data suggest that b-catenin specifies the posterior character of the anteroposterior axis
throughout the Bilateria and specifies regeneration polarity in planarians.

The ability to regenerate is widespread and
varies in degree within the animal kingdom.
Planarian flatworms are dramatic exam-

ples, capable of regenerating a complete animal
from nearly any fragment of the organism. Am-
putation induces the formation of a regeneration
blastema, which differentiates to produce miss-
ing structures. Blastema formation requires adult
stem cells called neoblasts (1). More than a cen-
tury ago, Randolph (2) and Morgan (3) noted
that transverse planarian pieces can regenerate
a head and a tail at the anterior and posterior
wound sites, respectively. Furthermore, any body
region can become involved in either head or
tail regeneration depending upon the identity of
the missing tissue (Fig. 1A). Therefore, planarians
possess a robust system throughout the antero-
posterior (A-P) axis for specifying the identity of
missing tissue at wounds. This system has been

named “polarity.”Morgan observed that very thin
transverse pieces occasionally regenerate animals
with two heads and hypothesized that a gradient
of material establishes regeneration polarity.
Although these features of planarian regenera-
tion are frequently described in textbook exam-
ples of polarity, no previous explanation exists
for the underlying genetic mechanisms that spec-
ify regeneration polarity.

The planarian Schmidtea mediterranea has
emerged as a powerful molecular genetic system
for studying regeneration because of genome
sequence availability, the ability to use RNA
interference (RNAi) (4, 5), and the evolutionary
position of the organism within an understudied
protostome superphylum, the Lophotrochozoa
(6). To study polarity in planarians, we performed
an RNAi screen involving surgically removed
heads and tails (Fig. 1B). We identified a single
gene required for polarity and named the gene
Smed-bcatenin-1. The trunks of Smed-bcatenin-
1(RNAi) animals regenerated apparent heads at
both posterior-facing and anterior-facing wounds
(Fig. 1C). This dramatic phenotype is reminis-
cent of the polarity transformations observed in
Morgan’s classic surgical manipulation experi-

ments. Double-stranded RNA (dsRNA) from
Caenorhabditis elegans unc-22, a gene not present
in planarians, served as the RNAi control (Fig.
1C). The predicted SMED-bCATENIN-1 pro-
tein is homologous to b-catenin proteins found
in other animals (fig. S1A). b-catenin proteins
mediate canonical Wnt signal transduction to reg-
ulate many developmental events (7). SMED-
bCATENIN-1 possesses at least nine predicted
armadillo repeats and a candidate N-terminal
GSK-3b phosphorylation site (GSK-3b–mediated
phosphorylation can regulate b-catenin stability)
(fig. S1B) (8). Because armadillo repeats can
be very degenerate (9), more armadillo repeats
may exist and not be recognized in this protein.
Smed-bcatenin-1 mRNAwas broadly expressed
in in situ hybridizations and reduced in Smed-
bcatenin-1(RNAi) animals (fig. S2).

Smed-bcatenin-1(RNAi) posterior blastemas
contained two apparent photoreceptors (Fig. 1C)
and possessed headlike stretching behavior (n =
105/107). These posterior blastemas also con-
tained cell types normally associated with the
head, including photoreceptor neurons and
cephalic ganglia (Fig. 1D). Posterior blastemas
displayed local headlike polarity, with photo-
receptors being more distal to the wound site
than cephalic ganglia. Anterior-specific tran-
scripts can be observed in the posterior Smed-
bcatenin-1(RNAi) blastemas by 72 hours after
amputation (fig. S3). Additionally, Smed-bcatenin-
1(RNAi) posterior blastemas lacked the tail pat-
tern of H.1.3b-zonadhesin expression (Fig. 1E).
Together, these data indicate that posterior Smed-
bcatenin-1(RNAi) blastemas are heads.

Smed-bcatenin-1(RNAi) animals regenerated
posterior-facing heads at multiple A-P locations,
indicating a requirement for Smed-bcatenin-1
throughout the A-P axis (Fig. 2A, fig. S4). We
injected Smed-bcatenin-1 dsRNA into freshly
amputated wild-type transverse fragments to in-
hibit Smed-bcatenin-1 only during regeneration.
Because these animals displayed a 100% pene-
trant polarity reversal, Smed-bcatenin-1 is required
during regeneration for the polarity decision (Fig.
2B). In addition, because these pieces only con-
tained a small region of preexisting tissue, Smed-
bcatenin-1 can be required locally.
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Materials and methods 
 
In situ-hybridization.  Animals were killed in 5 % N-Acetyl Cysteine in PBS for 5 
minutes, followed immediately by transfer into 4 % formaldehyde in PBS-T (PBS 
+ 0.5 % Triton X-100) and incubation for 20 minutes.  After 3 rinses with PBS-T, 
the samples were permeabilized for 20 minutes in 1 % Sodium Dodecyl Sulfate 
(SDS) in PBS-T.  Following further rinses, the samples were equilibrated for 5 
minutes in a 50/50 mix of PBS-T and methanol, prior to transfer into 100 % 
methanol and storage at -20 C for at least 2 hours.  Samples were bleached in 6 
% H2O2 in methanol overnight and re-hydrated in PBS-T.  All incubations were 
carried out at room temperature on a nutator, unless otherwise stated.  In situ-
hybridizations with DIG-labeled riboprobes were carried out as previously 
described (S1).  Following development with NBT and BCIP, washes in PBS, and 
post-fixation, samples were treated with 100% ethanol for 20 minutes, which we 
found dramatically improves signal-to-noise.  
 
Antibody staining.  Animals were killed and processed as for in situ hybridization, 
except that fixation was at 4°C for 2 h.  Samples were reduced for 1 hour at 37°C 
in 1 % β-mercaptoethanol, 10 mM DTT, 150 mM NaCl, 0.1 % TritonX-100 and 1X 
of a 40X solution of 0.5M NaOH, 1M Boric Acid, pH 9.2.  Following 3 rinses with 
the above buffer without the reducing agents, samples were bleached overnight 
in 1 % H2O2, 150 mM NaCl, 0.1 % TritonX-100 and 1X of a 40X solution of 0.5M 
NaOH, 1M Boric Acid, pH 9.2.  Blocking was carried out in PBS-T + 10 mg/ml 
BSA for 4 hours.  Primary and secondary antibodies were diluted in blocking 
solution and both incubations were carried out overnight at room temperature.  
VC-1 (Kind gift of Dr. K. Agata) was used at 1:5000.  Samples were washed 
extensively with PBS-T between and after the antibody incubations, mounted in 
80 % Glycerol and imaged by confocal microscopy using a Zeiss LSM-5 Live 
microscope. 
 
Cloning.  All genes were cloned using cDNA obtained from an 8-day 
regeneration series.  Several C4-asexual planarians were randomly cut every 24 
h for 8 days and total RNA was extracted using the Trizol reagent (Invitrogen). 
Following chloroform extraction and isopropanol-precipitation of the homogenate, 
the RNA was bound to Qiagen RNeasy columns and on-column digested with 
DNAse (Qiagen).  The eluted RNA was transcribed into cDNA using the 
RETROscript kit (Ambion) according to the manufacturer’s recommendations.  
cDNA-reactions were diluted 1:1 and used as template in Platinum-Taq PCR-
amplifications (Invitrogen).  PCR products were cloned into the pCR4-TOPO 
vector (Invitrogen) and clone identity was verified by sequencing.  For RNAi-
experiments, inserts were transferred into pDONRdT7 as described (S2). 
 
The following primers were used:  
 



F porcn-1: CAAACCCAAAAATTGACCAGCCTC 
R porcn-1: AACCGATATTGGGCTTTTCTGG 
 
F APC-1: CCTGGAAAGCTGATGATGA 
R APC-1: CGGTACTGAAGACAATGTTG 
 
F βcatenin-1:  CCAGATACTCCTGGTAGTAC 
R βcatenin-1: GACTCCAAGTGATTGAACAG 
 
F dvl-1:  GTTGACGATGAAGAGACGC 
R dvl-1:  ACTGCTCGGAAAAACTCGAC 
 
F dvl-2:  GCCTGATAAGGTCACTTTAG 
R dvl-2: CGTGACTTTATTTACTGTGTG 
 
F sFRP-1: GGAGATTGGCAAGCATTTCA 
R sFRP-1: ACGCAATCAGGAAATTCCGG 
 
F fz-4: GAGCCGGAATGTCAAGATGT 
R fz-4: TCGGTACTGAAACAGTTGGC 
 
RNAi.  All RNAi-experiments were based on mixing dsRNA-containing bacteria 
with liver homogenate, as described previously (S2).  However, we now prepared 
food mixtures without agarose and the RNAi-food was transferred as paste 
directly into the feeding dish.  We found that such modification significantly 
increases RNAi penetrance and refer to the new method as “SOFT SERVE”.  All 
RNAi-experiments in this study involved 3 feedings over 8 days and amputations 
were carried out 24 h past the last feeding.  For simultaneous silencing of two 
genes, the two dsRNA-containing bacterial pellets were taken up into the same 
volume of liver homogenate.  Bacteria:Liver homogenate ratios were therefore 
chosen such that each gene maintained the same ratio as in single knock-down 
experiments. 
 
Movies.  A Zeiss Lumar V12 equipped with an Axiocam HRc was used to capture 
live images.  Labels were added to the captured, individual tiff-stack files using 
Photoshop (Adobe), and the movies assembled using Graphic Converter (Lemke 
Software). 
 



Supplemental Figure Legends 
 
Figure S1. Expression patterns of Smed-βcatenin-1, Smed-APC-1, Smed-dvl-1 
and Smed-dvl-2 in intact animals.  Wild type worms starved for one week were 
processed for in situ-hybridization with the indicated probes.  All genes are 
expressed in brain and ventral nerve cords (compare to Figure 1G), as well as 
diffusely throughout the animal. Expression of Smed-βcatenin-1 and Smed-APC-
1 is also detected in the distal end of the pharynx (*).  Additionally, Smed-
βcatenin-1 expression is observed at the lateral edges surrounding the animal, 
and within a crescent of cells on the anterior margin of the dorsal head surface.  
Scale bars: 500 μm. 
 
Figure S2.  Sequence alignment of SMED-βCATENIN-1 to the corresponding 
insect (Drosophila melanogaster) and mammalian (Homo sapiens) homologs.  
The SMED-βCATENIN-1 protein sequence was deduced from the cDNA 
sequence.  The expectation value (E value) shown is for the top reciprocal 
BLAST hit obtained for SMED-βCATENIN-1 to human sequences in the refseq 
protein database (S3), and indicates that the planarian sequence is a homolog of 
β-catenin.  The red line indicates the location of the Armadillo (Arm) domain as 
identified by InterPro (S4). 
 
Figure S3.  Sequence alignment of SMED-APC-1 to the corresponding insect 
(Drosophila melanogaster) and mammalian (Homo sapiens) homologs.  The 
SMED-APC-1 protein sequence was deduced from the cDNA sequence.  The 
expectation value (E value) shown corresponds to the top reciprocal BLAST hit 
obtained for SMED-APC-1 to human sequences in the refseq protein database 
(S3), and indicates that the planarian sequence is a homolog of APC.  The blue 
line indicates the location of the Armadillo (Arm) domain as identified by InterPro 
(S4). 
 
Figure S4.  Sequence alignment of SMED-DVL-1 and -2 to the corresponding 
insect (Drosophila melanogaster) and mammalian (Homo sapiens) homologs.  
The SMED-DVL protein sequences were deduced from the cDNA sequences.  
The expectation values (E value) shown are for the top reciprocal BLAST hit 
obtained for SMED-DVL-1 and -2, respectively, to human sequences in the 
refseq protein database (S3).  Such values indicate that the planarian sequences 
are homologs of DVL.  The blue line indicates the location of the DIX domain, the 
red line the PDZ domain and the green line the DEP domain as identified by 
InterPro (S4). 
 
Figure S5.  Sequence alignment of SMED-FZ-4 to the corresponding insect 
(Drosophila melanogaster) and mammalian (Homo sapiens) homologs.  The 
SMED-FZ-4 protein sequence was deduced from the cDNA sequence.  The 
expectation value is the top reciprocal BLAST hit obtained for SMED-FZ-4 to 
human sequences in the refseq protein database (S3), and indicates that the 
planarian sequence is a homolog of Frizzled proteins.  The blue line indicates the 



location of the Frizzled CRD domain and the red line indicates the location of the 
Frizzled Protein Signature domain as identified by InterPro (S4). 
 
Figure S6.  Sequence alignment of SMED-SFRP-1 to the corresponding 
mammalian (Homo sapiens) homolog.  An insect homolog is not shown as these 
proteins have not been described in Drosophila melanogaster.  The SMED-
SFRP-1 protein sequence was deduced from the cDNA sequence.  The 
expectation value is the top reciprocal BLAST hit obtained for SMED-SFRP-1 to 
human sequences in the refseq protein database (S3), and indicates that the 
planarian sequence is a homolog of sFRP.  The blue line indicates the location of 
the FZ domain, and the red line indicates the location of the Netrin domain as 
identified by InterPro (S4). 
 
Figure S7.  Expression of Smed-βcatenin-1 (A) and Smed-APC-1  (B) in 
regenerating tissues.  Heads and tails of wild type animals starved for one week 
were amputated.  The resulting fragments were allowed to recover for the 
indicated time interval prior to processing for in situ hybridization (0 h: fixation 
immediately after amputation).  Representative examples of posterior (head 
fragments) and anterior blastemas (tail fragments) at each time point are shown. 
Scale bar: 200 μm. 
 
Figure S8.  Proposed model of β-catenin activity in planarians.   
 
Table S1.  Genes isolated and functionally tested via RNAi.  Gene names, RNAi 
combinations tested, presence or absence of head/tail mis-specification 
phenotype, and expression patterns are listed.  While some homologs were 
expressed in similar regions of the animal, the large majority of extracellular 
upstream genes were expressed in distinct, discrete cell types, even if they were 
expressed in the same tissue.  Parentheses indicate gene names as used in the 
accompanying paper (Petersen and Reddien, 2007). 
 
Movie S1.  Behavior of normal body fragments after 14 days of regeneration.  
Wild type animals were amputated pre- and post-pharyngeally and the resulting 
head, trunk and tail fragments were allowed to regenerate for two weeks.  All 
fragments regenerated normally at the appropriate anterior and posterior 
amputation planes.  When exposed to light, the animals respond by gliding away 
from the source using the cilia covering their ventral surface.   
 
Movie S2. Smed-βcatenin-1(RNAi) trunk fragments regenerate heads at both 
anterior and posterior amputation planes.  The Janus-head animals appear to 
respond to light by negative phototaxis. The two heads frequently move in 
opposite directions and stretch the intervening tissue.  
 
Movie S3. Smed-APC-1(RNAi) trunk fragments regenerate tails at both anterior 
and posterior amputation planes.  The worms are still motile, but their movement 
is unproductive as each end attempts to move toward the center of the animal. 



 
Movie S4. Smed-βcatenin-1(RNAi) head fragments regenerate heads.  The pre-
existing head is recognizable because of its normal brown pigmentation.  The 
unpigmented head with noticeable photoreceptors is the newly regenerated 
tissue and arose where a tail would normally regenerate after amputation.  
 
Movie S5. Smed-βcatenin-1(RNAi) tail fragments regenerate heads normally, but 
also transform their tails into heads.  The polarity of the plane of amputation is 
maintained in these animals as a new head regenerates as expected.  However, 
the tail fragments also develop a head at the tail tip and numerous, motile 
protrusions emerge from the edge of the animals.  The appearance of these 
ectopic structures is consistent with the expression of the anterior marker (Smed-
sFRP-1) in tail fragments at both 24 and 48 hours described in Figure 4 D,E. 
 
Movie S6. Smed-βcatenin-1(RNAi) intact animals transform their tails into heads.  
Several, apparently autonomous protrusions resembling the cephalic margin of 
normal heads are observed along both the left and right edges of the animal 
body. 
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I G L I R N L A L C P A N H A P L R E H G A I H H L V R L L M R A F Q D T E R Q R S S I A T T G S Q
V G L I R N L A L C P A N H A P L R E Q G A I P R L V Q L L V R A H Q D T Q R - R T S M G G T Q Q Q

SmedBcat-a
DmArmadillo
HsBcat1

533 571 
569 618 
560 605 

- - - - D K L - - - L E E I I E V S C G A L H M L A K D P G - - - - I R S Q I I S M K I W Q R L I N
Q P S A Y A D G V R M E E I V E G T V G A L H I L A R E S H N R A L I R Q Q S V I P I F V R L L F N
- - - - F V E G V R M E E I V E G C T G A L H I L A R D V H N R I V I R G L N T I P L F V Q L L Y S

SmedBcat-a
DmArmadillo
HsBcat1

572 585 
619 668 
606 655 

Y P Q Q I G - - - - - - - - - I Q S - - - - - - - - - - - - - - - - - - - - - - - - - - - A V Y V I
E I E N I Q R V A A G V L C E L A A D K E G A E I I E Q E G A T G P L T D L L H S R N E G V A T Y A
P I E N I Q R V A A G V L C E L A Q D K E A A E A I E A E G A T A P L T E L L H S R N E G V A T Y A

SmedBcat-a
DmArmadillo
HsBcat1

586 594 
669 717 
656 703 

A S L L F N H L E
A A V L F R M S E D K P Q D Y K K R L S I E L T N S L L R E D N N I W A N - A D L G M G P D L Q D M
A A V L F R M S E D K P Q D Y K K R L S V E L T S S L F R T E P M A W N E T A D L G L D I G A Q - -

SmedBcat-a
DmArmadillo
HsBcat1

595 594 
718 767 
704 740 

L G P E E A Y E G L Y G Q G P P S V H S S H G G R A F H Q Q G Y D T L P I D S M Q G L E I S S P V G
G E P - L G Y R - - - - Q D D P S Y R S F H S G - - - - G Y G Q D A L G M D P M M E H E M G - - - -

SmedBcat-a
DmArmadillo
HsBcat1

595 594 
768 817 
741 758 

G G G A G G A P G N G G A V G G A S G G G G N I G A I P P S G A P T S P Y S M D M D V G E I D A G A
- - - - G H H P G - - - - - - - - - - - - - - - A D Y P V D G L P - - - - - - - - - - - - - D L G H

SmedBcat-a
DmArmadillo
HsBcat1

595 594 
818 843 
759 781 

L N F D L D A M P T P P N D N N N L A A W Y D T D C
A Q D L M D G L P - - P G D S N - Q L A W F D T D L

β-Catenin      E value =  1e-106

Arm

Supplementary Figure S2
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Table S1
General Description Body Region Organs/Tissues

Head/Tail # of Discrete Diffuse Anterior Posterior Throughout Brain VNC Gut Gut/Pharynx Pharynx Mouth Lateral
Gene Mis-specification ? patterns Cells Intersection Proximal Distal

Porcupine (porcn)
-1 No 1 X X
-2 No 1 X X X X X X X X
-1;-2 No

Wnt
2-1 (Wnt2-1) No 1 X X
11-1 (Wnt11-1) No 2 X (a,b) X (a) X (b)

-1 (WntP-1) No 1 X X
-2 (WntP-2) No 2 X (a) X (b) X (a) X (b)
-3 (WntP-3) No 1 X X X

-4 No 2 X (a) X (b) X (b) X (a)

-5 No 1 X X X
-6 No 0
-7 No 1 X X
-1;-7 No
11-1;-2 No

Frizzled (fz)
-1 No 2 X (a,b) X (a) X (b) X (b)

-2 No 1 X X
-3 No 2 X (a,b) X X X X X
-4 No 1 X X
-5 No 2 X (a,b) X (a) X (a) X (a) X (b)

-6 No 1 X X
-7 No 2 X (a,b) X (a) X (a) X (b)

-8 No 3 X (a,b,c) X (a) X (a) X (b) X (c)

-9 No 2 X (a,b) X (a) X (b)

-10 No 3 X (a,b,c) X (a) X (a) X (b) X (c)

sFRP
-1 No 2 X (a,b) X (a) X (b)
-2 No 1 X X X
-3 No 2 X (a,b) X (a) X (b) X (b)
-1;-2 No
-1;-3 No
-2;-3 No
-1;-2;-3 No

Dishevelled (dvl)
-1 No 1 X X X X X X X
-2 No 1 X X X X X X X
-1;-2 YES

APC
-1 YES 1 X X X X X X

Axin
-1 No 1 x x x x x x x
-2 No 2 X (a,b) X (a) X (b)
-1;-2 No

β-catenin
-1 YES 1 X X X X X X
-2 No 1 X
-3 No 1 X (a,b) X (a,b) X (a) X (b) X (b)
-1;-2 YES
-1;-3 YES
-2;-3 No
-1;-2;-3 YES



Formatted Alignments

SmedAPC
DmAPC
HsAPC

1 50 
1 50 
1 50 

S W K A D D D I K L R L R E V N V S K V L T Y E S M K C A K E S C L K S L L S A L W N I S A H S K E
S W R A D S N M K A V L N E I G T V T A L A L A A M R N R S E N T L K A I L S A L W N L S A H C S T
S W R A D V N S K K T L R E V G S V K A L M E C A L E V K K E S T L K S V L S A L W N L S A H C T E

SmedAPC
DmAPC
HsAPC

51 96 
51 100 
51 100 

N K I D I C E V N G A L A Y F V D I L N F K - - - - T I A L V E N S G G I L R N V S S V V S T N E S
N K A E F C A V D G A L A F L V G M L S Y E G P S K T L K I I E N A G G I L R N V S S H I A V C E P
N K A D I C A V D G A L A F L V G T L T Y R S Q T N T L A I I E S G G G I L R N V S S L I A T N E D

SmedAPC
DmAPC
HsAPC

97 146 
101 150 
101 150 

Y R N I L R K N S A Y Q I L L K Q L R S S S L T I V G N A C G T L C N L S V D C I E D Q Q L L W D L
Y R Q I L R Q H N C L A I L L Q Q L K S E S L T V V S N S C G T L W N L S A R S A E D Q K F L W D N
H R Q I L R E N N C L Q T L L Q H L K S H S L T I V S N A C G T L W N L S A R N P K D Q E A L W D M

SmedAPC
DmAPC
HsAPC

147 178 
151 200 
151 198 

G A V G M L K N L A H S K H R T I S T G S A A T L K N L L S A R - - - - - - - - - - - - - - - - - -
G A V P M L R S L I H S K H A M I S E G S S S A L K N L L N F R P A V Q N H H Q L D P I A R S M G L
G A V S M L K N L I H S K H K M I A M G S A A A L R N L M A N R P A K Y K D A N I M S P G S S L - -

SmedAPC
DmAPC
HsAPC

179 213 
201 250 
199 236 

- - - A S L N I A E H T L I N A L K S N - - - S T S S S N T P D - - - - - - - - - S S P R I L S P S
K A L P T L E A R K A K A L Q Q E L G E R H T A E T C D N L D T G G K L D K E R A S S S S R R H P A
- - - P S L H V R K Q K A L E A E L D A Q H L S E T F D N I D N - - - - - - - - - L S P K A S H R S

SmedAPC
DmAPC
HsAPC

214 259 
251 300 
237 284 

P S L H V R K L N A L E S D I E N I L R T N Q S I S V S S E N K - - S V H D L Y S V D S P L I Y - -
P R L T R S A M L T K S E S R D S V Y S A K S D C A Y D H L I R S A S A S D A H R K V K P K I T D F
K Q R H K Q S L Y G D Y V F D T N R H D D N R S D N F N T G N M - - T V L S P Y L N T T V L P S S S

SmedAPC
DmAPC
HsAPC

260 293 
301 350 
285 331 

- - R Q P L N I N I S Q N - - - N - - - - - - - - - - - T D P H M Q T F N T N L S G I K I C S E T N
D L E M E Q D T E A T E E Q P I D Y S V K Y S E N A T K T S T Y Q E T D L D Q P T D F S L R Y A E N
S S R G S L D S S R S E K - - - D R S L E R E R G I G L G N Y H P A T E N P G T S S K R V C F S H N

SmedAPC
DmAPC
HsAPC

294 315 
351 397 
332 380 

L M I K V S S D I Y S K - - - - - - - - - - - - - P P - - - G A P P K P - - - - - - - P K - - - - -
Q I L P N P I D A I A T V T D T V R S P - - - A A P N Q G N G N A S Q N G L E T A T G S K D L D S E
S S L S S L S D I D Q E N N N K E N E P I K E T E P P D S Q G E P S K P Q A S G Y A - P K S F H V E

SmedAPC
DmAPC
HsAPC

316 325 
398 413 
381 396 

- - - - - - R T T S T L S S V P
D R S S D E S N Q S F I M E T M
D T P V C F S R N S S L S S L S

Arm
APC      E value =  5e-57

Supplementary Figure S3
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D.m. APC

SMED-APC-1

H.s. APC
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Formatted Alignments

SmedDvl-a
SmedDvl-b
DmDvl
HsDvl1

1 47 
1 33 
1 49 
1 50 

D D E E T P Y L I K F H S P P E Q I T L G D F K N A L N - - - R P N Y K F F F K S L D D D F G V V K
P D K V T L G D L K N T L N - - - R P H Y K Y F F K S M D D D F G V V K

D D E T T P Y L V K I P I P S A Q V T L R D F K L V L N - K Q N N N Y K Y F F K S M D A D F G V V K
D E E E T P Y L V K L P V A P E R V T L A D F K N V L S N R P V H A Y K F F F K S M D Q D F G V V K

SmedDvl-a
SmedDvl-b
DmDvl
HsDvl1

48 97 
34 78 
50 93 
51 100 

E E I T D D D A K L P Y V N G R V V S W L V V S E G S T Q S D N H S S S G K E V L L V D S D K S K D
E E I T D D E A K L P C F K G R V I S W L V T A E G S T V S D N V D S N G - - - - I L D K N E S R -
E E I A D D S T I L P C F N G R V V S W L V S A D G T N - - - - - - Q S D N C S E L P T S E C E L G
E E I F D D N A K L P C F N G R V V S W L V L A E G A H S D A G S Q G T D S H T D L P P P L E R T G

SmedDvl-a
SmedDvl-b
DmDvl
HsDvl1

98 147 
79 104 
94 118 

101 124 

K G T V S D S S D P K S P S F R N Y N K I P T K H S S S S K K Q E E S N K I H R Q N H K F T G P E K
- - - - - - M L P F Q E S H F P L I N N I K A S G G T T T N - - - E S - - - - - - - - - - - - - - -
- - - - - M G L T N R K L Q Q Q Q Q Q H Q Q Q Q Q Q Q Q Q Q - - - - - - - - - - - - - - - - - - - -
- - - - - G I G D S R P P S - F H P N V A S S R D G M D N E - - - - - - - - - - - - - - - - - - - -

SmedDvl-a
SmedDvl-b
DmDvl
HsDvl1

148 195 
105 138 
119 141 
125 147 

I T L D E T D D A F D E I D S I Y N - - E D K V P P L R K F S D F K H S V K L K K L R N A Q G S H G
- - - D T I C D T C T D T D S V Y S A A Q D R V G P P R S F H D Y K Q A G - - - - - - - - - - - - -
- - - - - - - - H Q Q Q Q Q Q Q Q Q - - - - Q V Q P V Q - - L A Q Q Q Q Q - - - - - - - - - - - - -
- - - - - - - - T G T E S M V S H R - - - - R E R A R R - - R N R E E A P - - - - - - - - - - - - -

SmedDvl-a
SmedDvl-b
DmDvl
HsDvl1

196 245 
139 181 
142 183 
148 187 

N S N S S S N N N N S N S N N A S N N A P A K Q Q P I Y E S S S S M M S S D L D T T S F F D S E D D
- - - - - - - R V A A H A N R V N T N T P N G Q N P I Y E T N S S M M S S D L E S T S F F D S E D E
- - - - - - - Q V L H H Q - K M M G N P L L Q P P P L T Y Q S A S V L S S D L D S T S L F G T E S E
- - - - - - - R T N G H P - R G D R R R D V G L P P - - D S A S T A L S S E L E S S S F V D S D E D

SmedDvl-a
SmedDvl-b
DmDvl
HsDvl1

246 293 
182 228 
184 231 
188 237 

- - S S R F S S A T E T T M S S K Y G K Q R R Q L R R R R K M P H L S R A S S F S S M T D S T V S L
- - S S R F S T T T C T T M S S R Y G R Q K - Q Q R R R R R P P A I S R A S S F S S I T D S T M S L
L T L D R - - D M T D Y S S V Q R L Q V R K K P Q R R K K R A P S M S R T S S Y S S I T D S T M S L
G S T S R L S S S T E Q S T S S R L I R K H K R R R R K Q R L R Q A D R A S S F S S I T D S T M S L

SmedDvl-a
SmedDvl-b
DmDvl
HsDvl1

294 343 
229 275 
232 278 
238 284 

N I I T V T L N M D T V P F L G I S I V G Q T N G N Q E N G D G G I Y V G S I M K G G A V A L D G R
N I V T V R L N M D T V K F L G I S I V G Q S N - - - K G G D G G I Y V G S I M K G G A V A Q D G R
N I I T V S I N M E A V N F L G I S I V G Q S N - - - R G G D G G I Y V G S I M K G G A V A L D G R
N I V T V T L N M E R H H F L G I S I V G Q S N - - - D R G D G G I Y I G S I M K G G A V A A D G R

SmedDvl-a
SmedDvl-b
DmDvl
HsDvl1

344 393 
276 325 
279 328 
285 334 

I E P G D M I L E V N G I S F E N V S N E E A V R T L R E Q V Q K L G P V T L V V A K S W D P N P T
I E P G D M I L E V N D I S F E D M S N D D A V R T L R E Q V Q K P G P I N L V V A K C W D P N P K
I E P G D M I L Q V N D V N F E N M T N D E A V R V L R E V V Q K P G P I K L V V A K C W D P N P K
I E P G D M L L Q V N D V N F E N M S N D D A V R V L R E I V S Q T G P I S L T V A K C W D P T P R

SmedDvl-a
SmedDvl-b
DmDvl
HsDvl1

394 429 
326 373 
329 359 
335 365 

G Y M L P - Q Q D P V R P I D P R A W V L H T Q A M G N M A P P N Q P P - - - - - - - - - - - - - V
G Y F T I P R Q E P V R P I D P R A W V L H T N A M T A G A S - - E P P S S V N G V H P Q V S N L V
G Y F T I P R T E P V R P I D P G A W V A H T Q A L T S H D S - - - - - - - - - - - - - - - - - - -
S Y F T V P R A D P V R P I D P A A W L S H T A A L T G A L P - - - - - - - - - - - - - - - - - - -

SmedDvl-a
SmedDvl-b
DmDvl
HsDvl1

430 443 
374 423 
360 359 
366 365 

A S G D Q F I Q S G - - - - - - - - - - - - - - - - - K Y L P - - - - - - - - - - - - - - - - - - -
A P S M Q S L L S G G T M L A G T S A A T F N A A A F G Y M P Q P Q N I N Q N T A S V S T V G G P P
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

SmedDvl-a
SmedDvl-b
DmDvl
HsDvl1

444 481 
424 473 
360 378 
366 381 

- - - - - - - - - - - - Y A G A M S T V A S T I T T T S S S L K S R T D E T I P S P L T T N H E P S
G A S V G F F G Y P M G M P G Q F S Q G A G S I V T T S S S L P E S E R Y Q E E L H L T K N T D V G
- - - - - - - - - - - - - - - - - - - - - - I I A D I A E P I K E R L D Q N N L E - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - R Y E L E E A P L T V K S D M S - - - - - - - - - - - -

SmedDvl-a
SmedDvl-b
DmDvl
HsDvl1

482 531 
474 523 
379 428 
382 431 

V I I R A M A Q A D S G L P I R D R L W L K I T I Y N A F I G S D L V D W L Y S H V Q G F T D R K D
T I L R V L S Q P D S G L D I R D R L W L K I T L P N A F I G S N L V D W L Y R H I E G F S D R K E
E I V K A M T K P D S G L E I R D R M W L K I T I P N A F I G A D A V N W V L E N V E D V Q D R R E
A V V R V M Q L P D S G L E I R D R M W L K I T I A N A V I G A D V V D W L Y T H V E G F K E R R E

SmedDvl-a
SmedDvl-b
DmDvl
HsDvl1

532 557 
524 545 
429 458 
432 461 

A R K F A T N L L K M G F I R H T V N K S S F S E Q
A R K Y A A N L L K F G Y I K H T V N K V T
A R R I V S A M L R S N Y I K H T V N K L T F S E Q C Y Y V
A R K Y A S S L L K H G F L R H T V N K I T F S E Q C Y Y V

Dishevelled      E value =  1e-130; 2e-125
DIX

PDZ

DEP

Supplementary Figure S4
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Formatted Alignments

SmedFz-d
DmFz
HsFzd1

1 50 
1 50 
1 50 

E P E C Q D V H Y S N T S M P N L V G S Y S Q T E A S K R F R D F N P L I N I K C S N Y L K L F L C
I S I C K N I P Y N M T I M P N L I G H T K Q E E A G L E V H Q F A P L V K I G C S D D L Q L F L C
I P L C T D I A Y N Q T I M P N L L G H T N Q E D A G L E V H Q F Y P L V K V Q C S A E L K F F L C

SmedFz-d
DmFz
HsFzd1

51 100 
51 94 
51 95 

S V Y F P M C E T D T S M S S S T V K P C R H L C N H V K E R C E P L M K E T F K L T W S E E L D C
S L Y V P V C T - - - - I L E R P I P P C R S L C E S A R - V C E K L M K T Y N - F N W P E N L E C
S M Y A P V C T - - - - V L E Q A L P P C R S L C E R A R Q G C E A L M N K F G - F Q W P D T L K C

SmedFz-d
DmFz
HsFzd1

101 147 
95 131 
96 139 

E K F P E R G - - K I C L T P D S F S Q D E F H P P A N S Q E D S Y Q D L Y R K L Q L V M Q G - N R
S K F P V H G G E D L C V A E N T T S S - - - - - - A S T A A T P T R S V A K V T T - - - - - - - R
E K F P V H G A G E L C V G Q N T S D K - - - - - - G T P T P S L L P E F W T S N P Q H G G G G H R

SmedFz-d
DmFz
HsFzd1

148 187 
132 177 
140 185 

I G Q S K L E I Y Q K M S D M V G A Q C L P S E V N I G Q T P N I S - - - - - - C A Q I C S - - - -
K H Q T G V E S P H R N I G F V C P V Q L K T P L G M G Y E L K V G G K D L H D C G A P C H - - - -
G G F P G G A G A S E R G K F S C P R A L K V P S Y L N Y H F L G E - - - - K D C G A P C E P T K V

SmedFz-d
DmFz
HsFzd1

188 236 
178 225 
186 235 

- A N V Q F N A H D K V F A N I W L L G W S V L C F F S C L L T I I V F S C N T N R F L Y P E K P I
- - A M F F P E R E R T V L R Y W V G S W A A V C V A S C L F T V L T F L I D S S R F R Y P E R A I
Y G L M Y F G P E E L R F S R T W I G I W S V L C C A S T L F T V L T Y L V D M R R F S Y P E R P I

SmedFz-d
DmFz
HsFzd1

237 278 
226 275 
236 278 

V F L S I C Y F F Y A S G N L F G A I L G R N V V A C R A F N D K T D F - - - - - - - - I V G S G R
V F L A V C Y L V V G C A Y V A G L G A G D S V S C R E P F P P P V K L G R L Q M M S T I T Q G H R
I F L S G C Y T A V A V A Y I A G F L L E D R V V C N D K F A E D G A R - - - - - - - T V A Q G T K

SmedFz-d
DmFz
HsFzd1

279 328 
276 325 
279 327 

E T T W C K I N F L M I Y F F G S A S A L W W V V L T I T W F L S A S R H W G Y E A I E S I S S M L
Q T T S C T V L F M A L Y F C C M A A F A W W S C L A F A W F L A A G L K W G H E A I E N K S H L F
K E - G C T I L F M M L Y F F S M A S S I W W V I L S L T W F L A A G M K W G H E A I E A N S Q Y F

SmedFz-d
DmFz
HsFzd1

329 378 
326 375 
328 377 

H L V S W A I P A L K S I F I L I L H K I D A D E L T G Q C F V G N S N N K V L W G F V I V P N M I
H L V A W A V P A L Q T I S V L A L A K V E G D I L S G V C F V G Q L D T H S L G A F L I L P L C I
H L A A W A V P A I K T I T I L A L G Q V D G D V L S G V C F V G L N N V D A L R G F V L A P L F V

SmedFz-d
DmFz
HsFzd1

379 428 
376 420 
378 422 

Y L F I G I V F L T M G Y I S L L K V R R S F L Q R P D C I D T N N L K R L E K L M A K I G V F S I
Y L S I G A L F L L A G F I S L F R I R T V M K T - - - - - D G K R T D K L E R L M L R I G F F S G
Y L F I G T S F L L A G F V S L F R I R T I M K H - - - - - D G T K T E K L E K L M V R I G V F S V

SmedFz-d
DmFz
HsFzd1

429 476 
421 466 
423 470 

L Y V L P V L C T I V S Y I V D A Y K M T N F D I T L K A L F R - - F S P N C I G R N G I N W S S I
L F I L P A V G L L G C L F Y E Y Y N F D E W M I Q W H R D I C K P F S I P C P A A R A P G - - - -
L Y T V P A T I V I A C Y F Y E Q A F R D Q W E R S W V A Q S C K S Y A I P C P H L Q A G G G A - -

SmedFz-d
DmFz
HsFzd1

477 526 
467 507 
471 513 

K C V K I L Q P V L P S V E M R M L R I F M N L V I G I T S G I W I W G N K K T V K S C I S T L R F
- - - - - S P E A R P I F Q I F M V K Y L C S M L V G V T S S V W L Y S S - - - - K T M V S W R N F
- - - P P H P P M S P D F T V F M I K Y L M T L I V G I T S G F W I W S G - - - - K T L N S W R K F

SmedFz-d
DmFz
HsFzd1

527 576 
508 524 
514 527 

W E K K K E E E P T P T N Q C D S S T I Q N N I P L S Q T K Q K E T L L P Y H D W K L N S S Y P V V
V E R L Q G K E P R - - - - - - - - - - - - - - - - - - - T R A Q A Y V
Y T R L T N S K - - - - - - - - - - - - - - - - - - - - - - Q G E T T V

SmedFz-d
DmFz
HsFzd1

577 587 
525 524 
528 527 

V E Y G L P T V S V P

Frizzled      E value =  1e-97

Frizzled CRD

Frizzled Protein Signature

Supplementary Figure S5
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Formatted Alignments

SmedSfrp-a
HsSFRP1

1 47 
1 50 

D W Q A F Q S G - - Y T - I D Q C Y Q I P D N F T L C S N V G Y R L M V L P N Y I Q H E S I E E A A
D I G P Y Q S G R F Y T K P P Q C V D I P A D L R L C H N V G Y K K M V L P N L L E H E T M A E V K

SmedSfrp-a
HsSFRP1

48 97 
51 96 

Q H S K V W M G L V N T Q C H V D I K K F I C S L Y A P V C I S N Q R N Q K A P P C R E L C V T V K
Q Q A S S W V P L L N K N C H A G T Q V F L C S L F A P V C L D R - - - - P I Y P C R W L C E A V R

SmedSfrp-a
HsSFRP1

98 140 
97 146 

E S C L P S M K M Y G F D W P T I M K C S K F P - - Q F K N S L C I P K T V V P G K K - - - - - C D
D S C E P V M Q F F G F Y W P E M L K C D K F P E G D V C I A M T P P N A T E A S K P Q G T T V C P

SmedSfrp-a
HsSFRP1

141 190 
147 196 

L C M K I A S Y E V I A N R F C L S P I V I R A K I K R I I P T S G N A I Q I I L Q K K S K F L K F
P C D N E L K S E A I I E H L C A S E F A L R M K I K E V K K E N G D K K I V P K K K K P L K L G P

SmedSfrp-a
HsSFRP1

191 240 
197 245 

Q A N F S Q N A L G L N L K C N C T N L K F K Q R A L K G R W I I M A Q I D S D N K A V V N F I S K
I K K K D L K K L V L Y L K N G A D C P C H Q L D N L S H H F L I M G R K - V K S Q Y L L T A I H K

SmedSfrp-a
HsSFRP1

241 268 
246 273 

W K R K K A E F K H S M K I I Q N F G H I V C K S K L P
W D K K N K E F K N F M K K M K N H E C P T F Q S V F K

Netrin

FZ

sFRP      E value =  2e-35

Supplementary Figure S6
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Supplemental Figure S7
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