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Fig. 3. Mutations in SHP1 and SHP2 partially
suppress the valve differentiation defects of ful
fruit and largely eliminate valve tearing. (A)
Like ful-1 fruit, shp1 shp2 ful-1 fruit (stage 17)
are much shorter than the wild type, due to the
lack of valve expansion after fertilization. Valve
tears (arrowhead) are present in nearly all ful-7
fruit (B) and are rarely seen in shp1 shp2 ful-1
fruit (C). Guard cells (gu) are present in wild-
type and shp1 shp2 ful-1 fruit valves (D and F)
and are not found in ful-1 fruit valves (E). Bars,
100 pm.

lutely required for GT140 expression in ful
mutant valves, indicating that additional genes
are involved in activating this marker.

The data presented here, together with
other recently published observations, al-
low us to propose a model (Fig. 4) for some
of the genetic interactions underlying valve
margin development. The SHP genes are
positively regulated by the AGAMOUS
MADS-box gene product (8, 9) and are
required for proper valve margin develop-
ment (6). Besides directing valve differen-
tiation (2), FUL negatively regulates SHP
expression, ensuring that valve margin cell
fate occurs only at the valve boundary.
Although not shown in the model, SHP1/2
may negatively regulate a replum-specific
factor; expansion of such a factor’s activity
in shpl shp2 fruit could account for the
observed slight restriction of FUL valve
expression (Fig. 2, E and F). Expression of
the GT140 valve margin marker is positive-
ly regulated by SHP1/2 (6) and negatively
regulated by FUL, which may occur by way
of an additional factor (factor X) involved
in GT140 activation.

Fig. 4. Genetic interac- AG
tions involved in valve *
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Interdigital Regulation of Digit
Identity and Homeotic
Transformation by Modulated
BMP Signaling

Randall D. Dahn and John F. Fallon*

The developmental mechanisms specifying digital identity have attracted 30
years of intense interest, but still remain poorly understood. Here, through
experiments on chick foot development, we show digital identity is not a fixed
property of digital primordia. Rather, digital identity is specified by the inter-
digital mesoderm, demonstrating a patterning function for this tissue before its
regression. More posterior interdigits specify more posterior digital identities,
and each primordium will develop in accordance with the most posterior cues
received. Furthermore, inhibition of interdigital bone morphogenetic protein
(BMP) signaling can transform digit identity, suggesting a role for BMPs in this

process.

Although the signaling pathways that broadly
establish polarity along the three axes of the
developing limb bud are rapidly being elucidat-
ed (1), the downstream mechanisms that exquis-
itely pattern adult morphology are not well un-
derstood. For instance, in the developing chick
limb bud the posterior mesodermal zone of po-
larizing activity (ZPA) controls anteroposterior
(A/P) polarity through expression of the Sonic
hedgehog (Shh) gene (2). However, the mecha-
nisms by which early asymmetry is translated
into the characteristic differences in phalangeal
number and morphology that define digital
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identity are not understood. Application of ec-
topic SHH protein (SHH-N) or ZPA cells to the
anterior border of early-stage limb buds elicits
mirror-image patterns of digit duplication in a
dose- and time-dependent manner (2, 3). A re-
cent report suggests that in the early limb bud,
SHH acts long range to control digit number and
short range to establish a BMP2 morphogen
gradient that specifies digit identity in a dose-
dependent fashion by progressively promoting
anterior digital precursors to more posterior
identities (4). This hypothesis implies that A/P
positional value is specified during early limb
bud stages under direct SHH influence and, by
the time digital rays are forming, A/P positional
value is a fixed property of digital primordia.
Here, we employ both embryological and mo-
lecular methodologies to demonstrate that the
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developmental mechanisms specifying digital
identity operate at autopodial stages. A/P iden-
tity is not a fixed property of digital primordia,
but remains labile after primordia have formed.
We further show that digital identity is specified
by the interdigital (ID) mesoderm, through a
mechanism requiring BMP signaling.

The chick foot is an ideal system in which to
examine the regulation of digital identity, de-
spite the current lack of molecular markers of
identity; each digit of the chick foot is distin-
guishable by the number and morphology of
phalanges and by overall length (Fig. 1A). We
first examined the regulation of digital identity
in developing chick leg buds by proximodistal
bisection of digit 2 (d2) and digit 3 (d3) primor-
dia (p2 and p3, respectively) with foil barriers
(Fig. 1B). Primordia were bisected after the
precartilaginous digital rays had condensed, but
before the specification of interphalangeal joints
as revealed by the absence of Gdf5 expression, a
molecular marker of presumptive joints (5). It is
also worth noting that Shh expression in the leg
bud is extinguished by St. 26*/27~ (6), before
the stages at which bisections were performed
(7). In all cases, the posterior components of p2
(postp2) developed with three phalanges char-
acteristic of normal d2 identity (Fig. 1C). In
contrast, most p2 anterior components (antp2)
underwent homeotic transformation [defined in
(8)], developing with only two phalanges whose
morphology is characteristic of the adjacent d1
(74%, n = 27). The transformation of antp2
identity occurs very rapidly; 48 hours after sur-
gery, antp2 morphology and Gdf5 expression
(Fig. 1D) are comparable to that of d1 (n = 6).
Similar results were obtained from p3 bisections
(Fig. 1, E and F): postp3 invariably developed as
a slightly shortened d3, whereas most antp3
were transformed to a d2 identity (83%, n =
58). Transformations of identity were restricted
to manipulated primordia; anteriorization of dig-
its did not cause processive anteriorization of
identity along the A/P axis. The expression of
HoxD10-12, previously suggested to have a role
in patterning the digital arch (9), was unaffected
by the transformations of identity (7) (n > 5 for
each gene). When p3 were bisected at later
stages, approximately when the first interpha-
langeal joint is being specified (Fig. 1G), antp3
developed with a chimeric d2/d3 morphology
(67%, n = 6). Later stage p3 bisections (Fig.
1H) resulted in both postp3 and antp3 develop-
ing as d3 (100%, n = 8). Combined, these data
demonstrate that A/P identity is not a stable
property of condensing digital primordia, but
progressively becomes fixed along the proximo-
distal axis as outgrowth occurs and molecular
positional information is translated into morpho-
logical form.

The interdigits (IDs) are wedges of meso-
derm separating digital primordia of the devel-
oping autopod (Fig. 1B). Following proximodis-
tal specification of the limb, ID mesoderm un-
dergoes apoptosis and regresses, correlating
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with the free digits of amniotes such as chickens
and humans (/0). ID tissue has not been impli-
cated in patterning the autopodial skeleton. We
performed two sets of experiments to assess if
digital primordia receive A/P positional instruc-
tion from ID mesoderm. First, p2 and p3 were

bisected, and the posterior components, along
with their associated IDs, were removed (Fig.
2A). The isolated antp2 and antp3 were trans-
formed to d1 (Fig. 2B) and d2 (Fig. 2C), respec-
tively, in 90% of specimens (n = 22 for p3,n =
10 for p2), confirming the results of the foil

Fig. 1. A/P identity is not a fixed A
property of digital primordia. In
all panels, developing feet are
shown in dorsal view with pos-
terior to the right, anterior to the
left. (A, C, E, G, and H) HH St. 36
feet (6) stained with Victoria
blue to reveal cartilage patterns. |4
(D and F) HH St. 32 whole-
mount in situ hybridization with

d3

d2

c E

I

d4

D3 do*

di*

Gdf5 to visualize presumptive
joints. (A) Control limb with la-
beled digits (d1 through d4) and
interdigital regions (ID1 through
ID3). Note that d4 has five pha-
langes, d3 has four, d2 has three,
and d1 has two. (B) Surgical
schematic depicting the bisec-
tion (dashed red lines) of digit 2

and 3 primordia (p2* and p3*,
respectively) and insertion of foil

barriers (gray wedges); "C,D” and "E,F" refer to panels
showing the results of these manipulations. (C and D)
The posterior component of bisected p2 (postp2)
develops as a normal digit 2 [d2* in (C) and (D)]; the
anterior component (antp2) develops with the length,
phalangeal number [d1* in (C)], and presumptive joint
pattern [d1* in (D)] characteristic of d1. Note also in
(C) that the proximal phalanx of d1* exhibits the
distinctive ventral concavity unique to d1. (E and F)

d2/d3*

\

The respective components of bisected p3 behave

similarly, with postp3 developing as d3 (d3*) and antp3 adopting a d2 identity (d2*). Digital
identity becomes progressively fixed; d3 bisection at the time the metatarsophalangeal joint forms
results in antp3 developing with chimeric d2/d3 identity (G), whereas subsequent bisections result
in antp3 developing with invariant d3 identity (H). Control bisections of d2 and d3, with no further
manipulation, had no effect (n = 46). In (D) and (F), foil barriers are indicated by white arrows. For
additional technical comments on all experiments in this report, see (77).

Fig. 2. A/P positional value re-
sides in the ID mesoderm. (A)
Schematic removal of postp2
and postp3, plus the associated
ID2 and ID3, respectively (orange
with green dashed line, B; gray
with red dashed line, C). The re-
maining antp2 and antp3 devel-

B d3+=d2

A/

d2»d1

op as homeotically transformed
d1 (B) and d2 (C{ (D) Surgical
protocol in which only postp2 (E)
and postp3 (F) were excised and
wound surfaces joined with pins
[black asterisks in (E) and (F)].
Reestablished contact between
antp2 and ID2 restores d2 iden-
tity (E), whereas antp3/ID3 re-
juxtaposition restores d3 identi-
ty (F). The collective removal of

/

postp2, ID2, and p3 (G) results in
antp2 developmg as d1 [d1* in
(H)]; this result is similar to (B),
but with the additional deletion
of the third digit and metatarsal.
Antp2 pinned to ID3 (1) develops
as d3 (d3*).

) “\.V
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barrier experiments above. Similar experiments
on p3 of the wing resulted in antp3 developing
as d2 (11). Second, we removed only the pos-
terior components of bisected primordia and
reestablished contact between anterior compo-
nents and the ID lying posteriorly by pinning
(Fig. 2D). In these experiments, normal digital
identity was restored in 100% of cases (Fig. 2, E
and F; n > 10 for each). Further, if antp2 is
apposed to ID3, it develops as d3 (Fig. 2I)
instead of d1 (Fig. 2H), representing a posteri-
orization of two digital positions (78%, n = 9).

REPORTS

These observations support a three-part model:
A/P positional information downstream of the
ZPA is retained in the ID mesoderm, which in
turn specifies digital identity; more posterior IDs
specify more posterior digital identities (e.g.,
ID3 specifies d3, ID2 specifies d2, and so forth);
and digital identity is determined by the poste-
riormost ID cue a primordium receives (e.g.,
ID3 cues supersede ID2 or ID1 instruction in
specifying d3 identity).

The results of other manipulations support
this model. The removal of complete IDs (Fig.

Fig. 3. Interdigits specify digital
identity. (A) ID2 (orange; B) and B
ID3 (gray; C) removals. In the
absence of ID2 instruction, p2
develops as a characteristically
shortened, biphalangeal d1 (B);
likewise, ID3 removal effects the
transformation of d3 to d2 (C).
In (D) through (G), donor digital
primordia were grafted into het-

B (&
& d3—=d2
d2+d1
\\ \\

erotopic host ID environments. |D
Control grafts of donor p2 to
host ID2 (D) and donor p3 to
host ID3 (E) invariably result in
normal d2 and d3 development,
respectively. In contrast, grafts
of p3 to a more anterior host ID2
position causes transformation

d3

G
d2+~d3
A\ /

to d2 identity (F), whereas the

more posterior host ID3 environment imposes a more posterior d3 identity on grafted p2 (G). Joint

planes are indicated by red asterisks in (G).

A " B d3* o

d3 da* do* . d4*

° o1 ®
di* @
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D ° N E 43 - F d3—-—§2 G
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Fig. 4. Modulation of ID BMP levels causes homeotic digital transformation. (A) Application of
SHH-N-soaked beads (red circles) to host ID3 causes incomplete posterior transformations of
identity in the flanking d3 and d4 positions. The five phalanges in the d3 position (d3*) are
characteristic of d4 identity, although digit length and phalangeal morphology are incompletely
transformed. The six phalanges of the d4 position represent a neomorphic transformation to a
novel digital structure (d4*). (B) SHH-N application to each ID causes each digit to develop with
an additional phalanx. Ectopic Bmp7 (C) and -BmpR7b (D) expression in SHH-N-treated ID3s
correlates with posterior transformations of identity. In (C) and (D), contralateral control limbs are
shown in reversed A/P orientation on the right in order to compare treated (red circles) with
untreated (arrows) ID3s. (E) Coimplantation of beads loaded with SHH-N and the BMP antagonist
Noggin (green circles) restores normal digital development. Application of Noggin-soaked beads to
host ID3 (F) and ID2 (G) causes anterior transformations of digital identity. Control beads did not

affect cartilage patterning (n = 68).

3A) caused anterior transformations. Excision
of ID2 (Fig. 3B) resulted in p2 developing as d1
(43%, n = 7), while removal of ID3 (Fig. 3C)
caused p3 to develop as d2 (41%, n = 22).
Transformations were never observed in digits
posterior to excised IDs. Further, “isotopic”
grafts of donor p2 into host ID2 (Fig. 3D) and
donor p3 into host ID3 (Fig. 3E) invariably
developed with d2 and d3 identity, respectively
(n > 6 for each). In contrast, p3 grafted into the
more anterior ID2 (Fig. 3F) developed as d2
(75%, n = 8), whereas p2 grafted into ID3 (Fig.
3G) were posteriorly transformed to d3 (24%,
n = 21). A model in which digital precursors
arise with an anterior identity and are promoted
to more posterior identities in a stepwise fash-
ion (4) cannot account for anterior digital
transformations. It is notable that our com-
bined embryological data do not support this
hypothesis.

We next investigated which ID signaling
molecules mediate the transfer of A/P posi-
tional information to digital primordia. SHH-
N-loaded beads implanted in ID3 caused the
flanking p3 and p4 primordia to develop with
an additional phalanx (Fig. 4A; 72%, n =
47); we interpret these to be posterior trans-
formations of identity. SHH-N application to
each ID demonstrated that all primordia were
posteriorly respecified (Fig. 4B) with similar
frequency (83%, n = 23). It is unlikely that
SHH-N acts directly on primordia to posteri-
orize digital identity, as SHH-N beads in-
duced expression of the SHH-responsive
genes Ptc (12) and Hip (13) throughout ID
mesoderm, but not in flanking primordia (7).
Rather, our data suggest that SHH-N treat-
ment augments ID signaling pathways that
normally act during development to specify
posterior digital identities.

The BMP family of signaling molecules are
candidates for regulating digital identity. Bmp2,
Bmp4, and Bmp7 are expressed by the IDs
during the developmental time (/4) in which we
have determined digital identity is specified.
Addition of BMP2-expressing cells to early
limb buds can posteriorize induced supernumer-
ary digits (4), while misexpression of the con-
stitutively active BMP type 1 receptor BmpRIb
in mouse hind limb mesenchyme causes the
anteriormost d1 to develop as d2 (15). We found
that ID application of SHH-N caused the up-
regulation of Bmp2, Bmp4, and Bmp7 (Fig. 4C)
(7), as well as BmpRIb (Fig. 4D), supporting
assertions that increased levels of BMP signal-
ing specifies more posterior digital identity (4,
15). Moreover, we confirmed that increased lev-
els of ID BMPs are necessary for posterior
respecification of digital fate: coadministration
of beads treated with SHH-N and the BMP
antagonist Noggin (Fig. 4E), which binds
BMP2, BMP4, and BMP7 and blocks activation
of BMP receptors (/6), abrogates SHH-N-me-
diated posterior transformations [94%, n = 17
P <0.0D)]
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Attempts to posteriorize digital identity by
enhancing ID BMP levels with exogenous
BMP2 and BMP4 were unsuccessful. BMP2-
and BMP4-loaded beads were implanted in
ID2 and ID3, over a wide range of concen-
trations and developmental time (/7). In
agreement with previous reports (17, 18), we
observed combinations of truncations, joint
deletions, and cartilage dysmorphologies (96%,
n = 160) that precluded assessment of digit
respecification. However, several developing
tissues exhibit markedly different responses
to treatment with specific combinations of
homo- and heterodimeric BMP ligands (/9-
21). Thus, although application of homo-
dimeric BMP2 and BMP4 can only elicit the
above dysmorphologies, we agree with the
recently proposed possibility that other com-
binatorial repertoires of homo- and het-
erodimeric BMP ligands may regulate digital
identity (4) during normal development.

As an alternative approach, we assessed the
effects of reduced ID BMP levels. Noggin-
loaded beads applied to ID3 (Fig. 4F) and ID2
(Fig. 4G) caused the transformation of d3 to d2
(23%, n = 48) and d2 to d1 (21%, n = 14),
respectively. Noggin-mediated transformations
correlated with reduced ID Bmp2, Bmp4, and
Bmp7 expression, whereas HoxD10-12 expres-
sion was not affected [n > 10 for each probe
(7)], further suggesting that the HoxD com-
plex does not play a primary role in estab-
lishing digit identity. These results confirm
previously reported Bmp4, HoxD11, and
HoxD13 expression in the IDs of chick leg
buds with inhibited BMP signaling due to
ectopic expression of a dominant negative
BmpR1b receptor (dnBmpR1b) (22). Interest-
ingly, figure 1B of (22) shows a dnBmpR1b-
expressing foot with apparent anterior trans-
formations of digital identity (23).

Combined with, and in the context of, our
embryological and molecular analyses, pub-
lished data can be interpreted to suggest that
experimental modulation of ID BMP signal-
ing can cause both anterior and posterior
transformations of digit identity, with higher
BMP levels necessary (22) and sufficient (4,
15) for the development of more posterior
identities. Therefore, it is of interest that Nog-
gin-mediated inhibition of mandibular arch
BMP signaling causes homeotic transforma-
tions of tooth identity (24). We suggest that
differential BMP signaling may represent a
conserved mechanism for specifying discrete
identities among meristic structures within a
developmental field.

Our results indicate that A/P identity is not
an inherent property of digital primordia, but is
specified by the ID mesoderm prior to its re-
gression. We show that more posterior IDs
specify more posterior digital identities, and
that digital fate is determined by the most pos-
terior ID cues a primordium receives. We fur-
ther demonstrate that digit identity can be trans-
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formed through experimental modulation of ID
BMP signaling, suggesting the BMP family
plays a role in regulating digital identity. These
data represent an important advance in under-
standing how autopodial mesoderm organizes
A/P positional information downstream of ZPA
signaling and directs the skeletal patterning of
the digital arch [for a schematic model, see
(11)]. By extension, this study highlights the
importance of understanding the intermediary
molecular mechanisms that convert early ZPA
signals into the interdigitally compartmental-
ized arrangement of A/P positional information
present at later stages.
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Evidence for Ecological
Causation of Sexual
Dimorphism in a Hummingbird

Ethan ). Temeles,* Irvin L. Pan, Jillian L. Brennan,
Jedediah N. Horwitt

Unambiguous examples of ecological causes of animal sexual dimorphism are
rare. Here we present evidence for ecological causation of sexual dimorphism
in the bill morphology of a hummingbird, the purple-throated carib. This hum-
mingbird is the sole pollinator of two Heliconia species whose flowers corre-
spond to the bills of either males or females. Each sex feeds most quickly at
the flower species approximating its bill dimensions, which supports the hy-
pothesis that floral specialization has driven the evolution of bill dimorphism.
Further evidence for ecological causation of sexual dimorphism was provided
by a geographic replacement of one Heliconia species by the other and the
subsequent development of a floral dimorphism, with one floral morph match-
ing the bills of males and the other of females.

Sexual dimorphism in size and morphology is
widespread in animals. Charles Darwin drew
attention to these differences and offered three
explanations for their evolution that were based
on mechanisms of sexual selection, fecundity
selection, and ecological causation (for exam-
ple, resource partitioning) (/). Although empir-

ical studies have demonstrated that the first two
mechanisms operate in natural populations (2),
unambiguous examples of ecological causation
of sexual dimorphism are absent from the liter-
ature, an exception being some mosquito spe-
cies, in which the mouthparts of males are
adapted for drinking nectar and the mouthparts
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