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BMP gradients: A paradigm for
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BACKGROUND: Classic embryological studies
showed that diffusible factors (morphogens)
influence cell fate during dorsal-ventral (DV)
axis patterning. Subsequently,mathematical an-
alyses applied reaction-diffusion equations in
a theoretical framework to model how stable
gradients of morphogenetic factors might be
created in developing cell fields, according to
the laws of physical chemistry. This work sug-
gested mechanisms by which such gradients
form and are read in a threshold-dependent
fashion to establish distinct cellular responses.
As highlighted in this Review, these pioneering
experimental and intellectual insights laid the
groundwork for more recent studies that have
elucidated the mechanisms by which morpho-
gen gradients are generated and stabilized by
molecular feedback circuits.

ADVANCES: The molecular players involved
in early DV patterning uncovered over the past
two decades constitute a highly conserved co-

hort of extracellular factors that regulate bone
morphogenetic protein (BMP) signaling. A key
insight was the identification of the homolo-
gous proteins Short gastrulation (Sog) and
Chordin as BMP-binding proteins in Drosophila
and Xenopus 20 years ago. Since then, anal-
ysis of this patterning system has led to dra-
matic advances in our understanding of the
molecular mechanisms regulating early DV axis
specification. Elements of this pathway include
secreted BMP ligands and BMP antagonists,
as well as extracellular metalloproteinases that
cleave and inactivate BMP antagonists. Iden-
tification of these and other accessory proteins
provided strong support for the proposal that
an inversion of the DV axis had occurred be-
tween arthropods and vertebrates. Analysis
of how these components are deployed in an
array of species with divergent developmental
strategies has deepened our understanding
of this ancestral DV patterning biochemical
pathway. These comparative studies have

shed light on the broader question of a how
a conserved core pathway can be modified
during evolution to accommodate different
forms of embryogenesis while maintaining
common output effector functions. In ad-
dition, advances in computational analysis
have provided the necessary tools to ana-
lyze BMP-mediated signaling in quantita-
tive terms and have provided important

insights into how this
patterning process is in-
tegrated with cell prolif-
eration and tissue growth.
One such insight is the
identification of expand-
ers (such as Pentagone and

Sizzled), which are secreted molecules typical-
ly produced at the low end of a gradient that
stabilize the ligand, scaling the gradient to the
growth of tissues.

OUTLOOK: An important unanswered ques-
tion is how morphogen gradients form and
function reliably in the face of intrinsic signal-
degrading processes to achieve consistent
developmental patterning and growth. One
testable hypothesis, based on the “wisdom of
crowds” concept, that may shed light on this
challenging problem is that several indepen-
dent features of morphogen gradients can be
read in parallel by cells and can also serve as
inputs to an array of feedback modules that
integrate instantaneous levels of signaling, per-
form time averaging of signals, and act locally
to coordinate signaling between neighboring
cells. A consensus-based estimate of the rela-
tive position of a cell may be reached by de-
ploying multiple parallel feedback modules.
In addition, it will be important to determine
the roles of mechanisms, such as free or fa-
cilitated diffusion in the extracellular space;
exosomes; and cytonemes in morphogen gra-
dient function. Understanding the mechanisms
by which morphogen-mediated patterning sys-
tems evolve to maintain key elements of
overall body design while allowing for a
marked diversity in the spatial deployment
of various subsets of signaling components
is another compelling challenge. Such studies
should better illuminate the precise nature
of highly constrained developmental pro-
cesses and delineate more fluid features of
the networks that permit remodeling of core
components to meet the specialized selec-
tive needs of particular organisms. These
future studies should refine and strengthen
one of the best paradigms for understanding
development. ▪
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Conserved BMP-mediated patterning of the DV axis. Gradients of proteins in vertebrates (left:
blue Chordin stain) and invertebrates (left: red/yellow Sog stain) initiate patterning along the DVaxis.
These gradients are then read to establish distinct zones of gene expression within the central
nervous system (right: dpp, yellow; msh, red; ind, green; vnd, blue).C
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BMP gradients: A paradigm
for morphogen-mediated
developmental patterning
Ethan Bier1* and Edward M. De Robertis2,3*

Bone morphogenetic proteins (BMPs) act in dose-dependent fashion to regulate cell fate
choices in a myriad of developmental contexts. In early vertebrate and invertebrate
embryos, BMPs and their antagonists establish epidermal versus central nervous system
domains. In this highly conserved system, BMP antagonists mediate the neural-inductive
activities proposed by Hans Spemann and Hilde Mangold nearly a century ago. BMPs
distributed in gradients subsequently function as morphogens to subdivide the three
germ layers into distinct territories and act to organize body axes, regulate growth,
maintain stem cell niches, or signal inductively across germ layers. In this Review, we
summarize the variety of mechanisms that contribute to generating reliable developmental
responses to BMP gradients and other morphogen systems.

A
major question in developmental biology
is how information provided in a fertilized
egg can trigger the chain of events leading
cells in the embryo to adopt different de-
velopmental fates and to do so with great

reliability. Classic fate-mapping studies revealed
that cells in different regions of the embryo pre-
dictably give rise to specific tissues or organs. But
how is this diversification of cell potential achieved
in a self-regulating system? Hans Spemann ad-
dressed this question by conducting a series of
illuminating experiments in which he trans-
planted tissue fragments between donor and
recipient amphibian embryos of different pig-
mentation. Most transplants resulted in the cells
adopting the fate of the surrounding cells of the
recipient (for example, neural plate or epider-
mis). However, embryos that received a graft of
the dorsal blastopore lip, which Spemann later
named the organizer, developed a twinned (or
secondary) body axis, indicating that there was
something special about this region (Fig. 1, A
and B). An important question raised by these
early embryological experiments (1), which was
subsequently addressed by Spemann’s graduate
student Hilde Mangold, was how did the trans-
planted organizer tissue lead to such whole-scale
reprogramming of the embryo? Did the trans-
planted cells change fate to give rise to different
cells comprising the full duplicated axis or did
they alter the behavior of neighboring recipient

cells? By using pigmented and unpigmented am-
phibian eggs as donors and hosts, Mangold dem-
onstrated that unpigmented donor dorsal tissue
gave rise to notochord in the duplicated axis, as
it would ordinarily do in an undisturbed embryo
(2) (Fig. 1B). However, ectodermal derivatives,
including the central nervous system (CNS), were
derived from host tissue, which suggested that
the transplanted mesoderm cells produced sig-
nals that redirected the developmental trajecto-
ries of adjacent host cells. Subsequent “tissue
sandwich” experiments (in which ectodermal cells
were brought into contact with various mesoder-
mal derivatives) revealed that these hypothetical
diffusible signals capable of inducing a secondary
neural axis were elaborated by dorsal mesodermal
cells. These signals were termed “neural-inducing”
factors. Spemann received the Nobel Prize for
medicine in 1935. Tragically, Hilde Mangold died
in a kitchen stove accident in 1924 and so was
not recognized for her research.
In the early 1990s, vertebrate neural-inducing

signals produced by Spemann’s organizer were
identified and found to act by inhibiting the bone
morphogenetic protein (BMP) signaling pathway.
Parallel studies in the fruitfly similarly identified
conserved BMP signaling elements essential for
patterning the dorsal-ventral (DV) axis [reviewed
in (3, 4)]. Together, these breakthroughs estab-
lished a paradigm for studying diffusible devel-
opmental signals.

Morphogens

The British mathematician Alan Turing, who
cracked the Nazi Enigma code during World
War II and later developed the theoretical frame-
work for computers, proposed that information
to generate complex anatomical structures might
be provided by the diffusion of hypothetical sub-

stances he called “morphogens” (5). Turing for-
mulated a general partial differential equation
to quantitatively describe the changes in the con-
centration of a morphogen over time (Fig. 1C):
Following Fick’s law of diffusion, this equation
states that the change in morphogen concentra-
tion (C) over time (dt) is proportional to its dif-
fusion rate (D) and to the second derivative in
space of the morphogen concentration (∇2C). In
addition, the change in morphogen concentration
is a function (F) of all of the chemical reactions it
undergoes (e.g., synthesis, degradation, and asso-
ciation or dissociation with other proteins such
as antagonists).
From this initial insight, many reaction-diffusion

computer models have been derived to explain
the behavior of developing systems. Francis Crick
considered a special case in which one group of
cells (the source) secretes a factor that diffuses
into adjacent regions (the sink), where it is either
counteracted or degraded (6) (Fig. 1E). Crick pro-
posed that this so-called adjacent source-sink
configuration can create concentration gradients
of the morphogen, whose shapes remain stable
over time. These gradients could then exert var-
ious effects on developing cells. Another key ad-
vance was the realization that a pair of morphogens
composed of an activator and an inhibitor can
generate stable patterns (7), provided that they
originate from the same source and that the in-
hibitor is more diffusible (Fig. 1D). The activator
turns on its own production and also the synthesis
of the inhibitor, which in turn represses the ac-
tivator. Stable patterns result because the inhib-
itor diffuses faster than the activator, turning it
off in the periphery. It is amazing that these power-
ful mathematical frameworks for understanding
long-range reaction-diffusion of morphogens were
offered at a time when the chemical nature of not
even a single morphogen was known. Many of
these principles have now been confirmed by the
BMP/Dpp and Chordin/Sog morphogenetic sys-
tem (see below).

French flag model

Lewis Wolpert suggested a simple visually evoc-
ative idea, often referred to as the “French flag
model,” for how a morphogen gradient can sub-
divide a field of otherwise equivalent cells into
distinct regions (8) (Fig. 1F). In this model, mor-
phogens act in a threshold-dependent fashion
to control expression of distinct sets of genes in
broad zones, each domain corresponding to a
fixed range of morphogen level. These primary
response genes in turn specify particular cell
fates (e.g., transcription factors) or trigger sec-
ondary patterning events by signaling to adja-
cent domains (e.g., secreted signals). Important
mechanistic questions for such models are how
cells detect abrupt threshold levels of the mor-
phogen and then how they execute distinct re-
sponses in a coherent fashion. One general feature
of many primary response genes that helps re-
solve borders is cross-inhibition between factors
produced in neighboring domains. Although such
reciprocal inhibitory interactions can act as a
toggle switch to convert smooth gradients into
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sharp on-off responses, it remains to be determined
how given thresholds are accurately read from in-
dividual to individual and how “salt-and-pepper”
responses are avoided along borders within a
given embryo. As discussed in more detail below,
several additional homeostatic mechanisms are
likely to be at play, including: differential timing
of gene responses; transiently acting prepatterns
that bias cells to respond differently to a given
level of morphogen; growth of the tissue (with
or without corresponding changes in the length
scale of the gradient); the ability of cells to read
other aspects of a gradient, including its slope;
inflections in the gradient (second derivative
terms); integrated effects of the gradient; and

noise, which can trigger differential signaling
between neighboring cells at the tail end of a
gradient.

BMP-mediated patterning
of the embryonic DV axis

Two of the most noteworthy and well-studied
examples of conservation of developmental pat-
terning mechanisms are specification of seg-
mental identities along the anterior-posterior
(AP) axis by Hox genes (9) and subdivision of
the DV axis into distinct ectodermal domains by
graded BMP signaling (10). The notable homol-
ogies in DV patterning were first revealed through
comparisons of this process in Drosophila and

Xenopus, and informative variations on this theme
have subsequently been provided by analysis of
a broad range of animal species (see below).

All-or-none BMP signaling during
Drosophila neural induction

In Drosophila, DV patterning is initiated by a
ventral-to-dorsal gradient of the maternally pro-
vided morphogen Dorsal (Dl), an NFkB-related
transcription factor that specifies mesoderm (e.g.,
somatic muscle, heart) at high levels, neuro-
ectoderm (e.g., ventral epidermis and CNS) at
moderate levels, and dorsal epidermis and an
extra-embryonic tissue known as the amnio-
serosa by its absence (11). Primary Dl response
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F, function. (D) Formation of a stable morphogen gradient via a reaction-
diffusion mechanism based on two factors [activator (A) and inhibitor (I)].The
activator increases the level of the inhibitor, whereas the inhibitor negatively
turns off the activator and is more diffusible than the activator. DI, diffusion
coefficient of inhibitor; DA, diffusion coefficient of activator. (E) A source and
sink of a morphogen can create a stable concentration gradient (as proposed
by F. Crick). L, full length of tissue; n, number of cells; l, size of a single cell. (F)
French flag model in which two different threshold concentrations of a
morphogen elicit three distinct responses. [Credits: (A) redrawn from figure
5.3 of (114); (B) figure 24 of (2); (D) figure 1 of (40); (E) figure 1 of (6)]
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genes in dorsal and lateral regions of the em-
bryo include genes involved in establishing a
gradient of BMP signaling.

As summarized in Fig. 2A, two Drosophila
BMP-related proteins—Decapentaplegic (Dpp, a
BMP2/4 ortholog) and Screw (Scw, a BMP5/7

homolog)—signal via heterotetrameric BMP re-
ceptors to phosphorylate and activate the tran-
scription factor Mad in the cytoplasm (or SMADs

SCIENCE sciencemag.org 26 JUNE 2015 • VOL 348 ISSUE 6242 aaa5838-3
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protein-protein interactions between Chordin and other partners (black arrows), transcriptional regulation (blue arrows), and protein flux (red arrows). The
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in vertebrates). Phosphorylated Mad (pMAD ≈
vertebrate pSMAD1/5/8) complexes with a related
cofactor Medea (≈ vertebrate SMAD4), enters the
nucleus, and activates some target genes (e.g., epi-
dermal genes activated by binding of Mad/Medea
complexes to cis-regulatory DNA sequences) but
represses expression of other genes [e.g., neuronal
genes repressed via a trimeric transcriptional com-
plex consisting of Mad, Medea, and a zinc finger
protein Schnurri (Shn)] (12). An important fea-
ture of this dual action of BMP signaling is that
activation of epidermal genes (mediated by ac-
tivation elements) (13) requires much higher
levels of BMP signaling (achieved only dorsally
where BMPs are produced) than repression of
neuronal genes [mediated by silencing elements
(SEs)] (11, 12).
Several extracellular proteins regulate BMP

signaling (Fig. 2B). In the lateral neuroectoderm,
the BMP antagonist short gastrulation (Sog =
Chordin) is secreted. In the dorsal epidermis,
Dpp, the metalloproteinase Tolloid (Tld), and a
cofactor Twisted gastrulation (Tsg) are produced.
BMP receptor subunits, Mad, Medea, Shn, and
Scw are ubiquitously expressed, although some
of these factors are up-regulated in specific pat-
terns [reviewed in (14–17)]. Dpp and Sog play
key roles within their respective domains of ex-
pression to stabilize epidermal versus neuroecto-
dermal cell fates, respectively, and also to diffuse
into adjacent domains to form gradients that
influence patterning therein.
The first stage of BMP patterning in the Dro-

sophila ectoderm, analogous to vertebrate neu-
ral induction, relies on the all-or-none effect of
high-level BMP signaling in the dorsal epider-
mis to repress expression of neuronal genes in that
region. Thus, in dpp-mutant embryos, neuroblast-
specifying genes such as those of the Achaete-Scute
complex are ectopically expressed in the dorsal
epidermis (18). Strong Dpp signaling also acti-
vates expression of epidermal targets, including
the dpp gene itself (referred to as autoactivation).
Because BMP receptors are present throughout
the embryo, coupled Dpp diffusion and autoacti-
vation creates a positive-feedback loop with the
potential for spreading Dpp expression invasively
from the epidermis into the neuroectoderm (19).
The BMP antagonist Sog plays a key role in pro-
tecting the neuroectoderm from such Dpp inva-
sion by preventing BMP signaling from reaching
the high levels required to trigger autoactivation
(however, graded low-level BMP signaling is like-
ly to be present in the neuroectoderm; see below).
BMP signals are also blocked in the Drosophila
neuroectoderm by the transcriptional repressor
Brinker (20). In summary, strong BMP signaling
in the Drosophila epidermis represses expression
of neural genes, and this effect is blocked by
BMP antagonists in the neuroectoderm.

Graded high-level BMP-mediated
activation patterns the dorsal epidermis

In addition to its all-or-none repression of neu-
ral genes dorsally, graded high-level BMP sig-
naling activates nested patterns of epidermal
gene expression and partitions the dorsal region

into the epidermis proper (dorsolateral portion)
and the amnioserosa (dorsal portion). This BMP
activity gradient forms primarily in response to
an inverse protein gradient of the BMP antag-
onist Sog. Sog is secreted from the neuroecto-
derm, diffuses into the dorsal region (Fig. 2, B
and C), and binds preferentially to Dpp:Scw het-
erodimers (the most potent BMP ligand), there-
by blocking BMP’s access to its receptors (21).
Creation of the Sog protein gradient (Fig. 2C),
which is highest near the source of Sog and
diminishes toward the dorsal midline, requires
activity of the Tld protease (22). Tld can cleave
and inactivate Sog (23) (and can also generate
alternative forms of Sog; see below). Because
Tld is expressed in dorsal cells, a classical source-
sink configuration is established wherein Sog
diffusing from a ventral source is degraded dor-
sally by Tld. Tld cleavage of Sog requires bind-
ing of Dpp:Scw, Tsg, and Sog to form a trimeric
complex. This trimeric complex may help con-
centrate Dpp:Scw heterodimers along the dorsal
midline by a shuttling mechanism wherein Sog
binding to Dpp:Scw prevents receptor-mediated
clearance of the ligand while at the same time
transporting Dpp:Scw dorsally. Cleavage of Sog
by Tld then releases Dpp:Scw to signal (21, 24).
In addition to these purely diffusion-based mech-
anisms, which are thought to occur in the thin
layer of perivitelline fluid between the embryo
and surrounding vitelline membrane, there is
evidence for endocytosis playing a role as a sink
for Sog (22), for extracellular matrix (ECM) in-
teractions (25–27), intracellular regulation of
SMADs via linker phosphorylation (28), secondary
signal-dependent augmentation of BMP signaling
in dorsal-most cells (29, 30), and feed-forward
cooperation between SMADs and the primary
BMP target gene zen to regulate gene expres-
sion in the amnioserosa (31), acting in concert
to steepen the BMP activity gradient.

Graded low-level BMP-mediated
repression patterns the neuroectoderm

A steep low-level BMP gradient is likely to form
within the lateral neuroectoderm of the Dro-
sophila embryo as a consequence of Dpp diffus-
ing in from the dorsal epidermis and being bound
and sequestered by high levels of Sog (i.e., the
epidermis is the source of Dpp, and Sog is the Dpp
sink in the neuroectoderm). Several types of
Sog:Dpp complexes may contribute to a BMP sink,
including secreted full-length Sog (preferentially
binding Dpp:Scw heterodimers); truncated forms
of Sog, known as “Supersog,” that bind and in-
hibit the activity of Dpp:Dpp homodimers
(25, 32, 33); and forms of Sog (or Supersog) that
associate with membranes via palmitoylation of
a type II secretion signal (34). Although this
hypothetical BMP activity gradient has not been
directly visualized (probably due to its very low
levels), genetic evidence suggests that such a
gradient plays a role in subdividing the neuro-
ectoderm into nonoverlapping domains that give
rise to three primary rows of CNS neuroblasts
(35). Neuronal fates in these three domains are
specified by so-called neural identity genes, which

encode the homeobox proteins Vnd (ventral row-
one neuroblasts), Ind (intermediate or medial
row-two neuroblasts), and Msh (dorsal row-three
neuroblasts) (Fig. 3A). Neural identity genes engage
in a vectorial form of cross-inhibition wherein
more ventral genes repress expression of more
dorsal genes (e.g., Vnd inhibits ind and msh; Ind
inhibitsmsh) (36) (Fig. 2B). This ventral-dominant
chain of repression results in sharp mutually ex-
clusive patterns of neural identity gene expression.
Genetic analysis of BMP patterning in the

neuroectoderm under conditions where it was
possible to parse the effects of this morphogen
from those of Dorsal revealed that BMPs repress
neural identity genes in a dose-dependent fashion
such that ind is repressed more efficiently than
msh (35). Strong repression of ind in dorsal neuro-
ectodermal cells near the epidermal source of
Dpp relieves Ind-dependent repression ofmsh in
a dorsal-most stripe of neuroectodermal cells. Con-
sistent with these genetic findings, biochemical
studies have identified SEs mediating BMP re-
pression in cis-regulatory modules (CRMs) of the
msh versus ind genes. Mad/Med/Shn complexes
bind with higher affinity to an SE site in the ind
CRM than to those in the msh CRM (37). This
difference in binding affinities is relevant in vivo
because replacing an msh Mad/Med/Shn bind-
ing sitewith the ind site results inDpp-dependent
repression ofmsh-reporter gene expression in its
normal neuroectodermal domain (37), providing
a rare example of this direct mechanism in set-
ting a threshold response to a morphogen.
These studies show that in Drosophila, the ma-

ternal Dl gradient is interpreted by the Dpp/Sog
morphogens to elicit the differentiation of at least
five ectodermal cell types: two in the epidermal
domain that are distinguished by differing levels
of high BMP signaling (amnioserosa and epider-
mis proper) and three subdivisions within the
CNS (i.e., the Vnd, Ind, and Msh domains) giving
rise to neuroblasts in rows one through three.

DV patterning in Xenopus

A gradient of BMP and Chordin signaling also
controls DV histotypes in vertebrates, coordinate-
ly determining cell differentiation in the ecto-
derm, mesoderm, and endoderm germ layers.
Low BMP levels cause differentiation of ecto-
derm to CNS, intermediate levels to neural crest,
and high levels to epidermis. In the mesoderm,
low BMP gives rise to notochord, at slightly higher
levels to skeletal muscle (in segmental structures
called somites), then kidney (each segment devel-
ops a kidney tubule in the embryo); lateral plate
(which gives rise to the body wall); and, at the
highest BMP levels, to blood (Fig. 2D). DV differ-
entiation of the endoderm is similarly regulated.
These tissues represent the invariant body plan
shared by all vertebrates. This raises the ques-
tion of how many morphogen gradients exist.
Is there one gradient per germ layer? How
would each gradient be regulated coordinately
so that a perfectly harmonious embryo is formed
every time? The mechanisms involved are self-
organizing because if blastula embryos are cut
in half, the part containing the organizer can
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rescale into a well-proportioned embryo, or, if
cut sagittally, the entire missing half can regen-
erate, forming identical twins (38).
Because the embryo has only one chance to al-

locate these tissue types correctly, it is not surpris-
ing that the DV gradient is tightly regulated. The
organizer secretes the BMP antagonists Noggin,
Follistatin, and Chordin, and if all three are
knocked down with morpholino oligonucleotides,
the embryo lacks all dorsal structures (39). A large
network of Chordin-interacting extracellular pro-
teins has been isolated from the Xenopus embryo,
with key supporting insights coming from zebra-
fish genetics. Using a combination of biochemistry
with purified proteins and embryological studies
involving the depletion of multiple gene products
with morpholinos and transplantation experi-
ments, it was possible to construct the biochemical
pathway shown in Fig. 2E (40). All of its compo-
nents are secreted proteins that are able to directly
interact with each other, forming feedback loops
of activators and inhibitors synthesized by cells
in the dorsal and ventral poles of the embryo.
Chordin, the homolog of Sog, is a morphogen

secreted very abundantly by the organizer. It binds
to both dorsal (BMP2 and ADMP) and ventral
(BMP4/7) BMPs. Tsg, which is expressed ven-

trally, greatly facilitates the binding of Chordin
to BMPs. Studies in zebrafish have shown that
heterodimers of BMP2b:BMP7 can activate BMP
signaling in the context of the embryo, whereas
the respective homodimers do not (41). This ef-
fect is due to the recruitment of two distinct type
I BMP receptors and is markedly similar to Dro-
sophila DV patterning in which Sog preferentially
binds Dpp:Scw heterodimers, which constitute the
most potent signaling ligands. The rate-limiting
step in the pathway is the secreted metallopro-
teinase Tolloid [called Xolloid-related (Xlr) in
Xenopus] that specifically cleaves Chordin at
two particular sites, releasing active BMPs in the
ventral side of the embryo (42). Tolloid activity is
highly regulated. First, it is inhibited by Sizzled,
a ventral sFRP (secreted Frizzled-related pro-
tein) that functions as a competitive inhibitor of
Tolloid, indirectly inhibiting BMP by stabilizing
Chordin (43). Second, Tolloid protease activity
is noncompetitively inhibited by BMPs that di-
rectly bind to its noncatalytic CUB domains, ex-
plaining the antimorphic (low-BMP) effects of
some mutations in Drosophila (44). Third, the
dorsally produced Olfactomedin-related Ont-1
adaptor bridges the binding of Chordin and
Tolloid, facilitating Chordin degradation in the

dorsal side (45). Finally, the Sizzled homolog
Crescent acts as an inhibitor of Tolloid on the
dorsal side (Fig. 2E). The ventral side produces
Crossveinless 2 (CV2, also known as Bmper), an
antagonist with BMP-binding domains similar
to those of Chordin that does not diffuse and
remains on the surface of the cells that produce
it. CV2 binds Chordin/BMP with high affinity, con-
centrating these complexes on the ventral side
where they can be cleaved by Tolloid (46). The
pro-BMP effects of CV2 in the Drosophila wing
(47) may similarly be explained by the concen-
tration of diffusing Dpp/Sog complexes in CV2-
expression regions.
For every action in the dorsal side, there is a cor-

responding reaction in the ventral side. Chordin
transcription is activated by high Nodal and low
BMP signals. Recent work in zebrafish has shown
that microinjection of two different animal pole
cells with Nodal and BMP mRNA at the 128-cell
stage is sufficient to induce a complete secondary
axis (48). Self-organization in the Xenopus embryo
results from the dorsal and ventral genes being
under opposite transcriptional control: When BMP
levels are lowered, synthesis of dorsal BMPs (ADMP,
BMP2) is increased, and at high BMP levels, feed-
back inhibitors such as Sizzled dampen the signal
(and expand the gradient; see below).
Many of the secreted proteins in the feedback

loops of the DV pathway react directly with each
other as imagined by Turing (5). For example,
Tolloid and Sizzled constitute a classical activa-
tor-inhibitor pair arising from the same cellular
source: Xlr activates BMP signaling (indirectly, by
degrading Chordin), which promotes Sizzled tran-
scription, and Sizzled protein would in turn dif-
fuse, turning off Tolloid activity in the periphery.
The evolutionary conservation of the DV-interacting
proteins (such as BMP/Dpp, Chordin/Sog, Tsg,
and CV2)—on opposite sides of the embryo—in
Drosophila and Xenopus provides molecular sup-
port for the 1822 proposal by French naturalist
Etienne Geoffroy Saint-Hilaire that an inversion
of the DV body plan has taken place (49).

The Chordin gradient

Using an improved immunolocalization method
it has recently become possible to visualize the
endogenous Chordin gradient in the Xenopus
gastrula (40). Chordin was found to diffuse with-
in the narrow space that separates the ectoderm
from anterior endoderm and mesoderm (Fig. 2,
F and G). In amphibian embryos, this virtual cavity
is called Brachet’s cleft (in honor of the Belgian
embryologist). However, all vertebrate embryos
have an ECM containing fibronectin and other
proteins between the ectoderm and mesoderm.
Therefore, Brachet’s cleft is not an amphibian-
specific structure. Confocal optical sections reveal
a smooth gradient of Chordin, extending from the
organizer to the ventral side through this ECM
(Fig. 2, G, J, and K). Chordin protein diffuses far
from the Spemann organizer cells in which it is
transcribed (Fig. 2I). The Chordin morphogen
gradient extends over a distance of 2 mm (the
Xenopus gastrula has a diameter of 1.3 mm) in
this signaling highway between the ectoderm and
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endomesoderm (Fig. 2, J and K). The Chordin
gradient rescales in bisected embryos, and a sec-
ond long-distance gradient is seen emanating
from Spemann organizer grafts (40). Chordin pro-
tein must reach very high concentrations in the
confines of Brachet’s cleft. From this ECM, Chordin
protein could pattern both the ectoderm and
the mesoderm; for example, causing CNS induc-
tion in the overlying ectoderm.
During gastrulation the germ layers undergo

extensive morphogenetic movements, and cells
might read their positional information directly
from the Chordin/BMP gradient contained in
the Brachet’s cleft ECM. The gradient would be
generated by the facilitated diffusion of Chordin
from the organizer to regions of lower concentra-
tion (carrying with it BMPs made in more dorsal
regions) and the sink provided by its degradation
by Tolloid in ventral regions. The location of this
gradient may explain why the ectoderm and
mesoderm respond coordinately to BMPs during
development. Diffusion of overexpressed epitope-
tagged Nodal and Lefty has also been reported in
the ECM flanking both sides of the lateral plate
mesoderm in Xenopus tailbud tadpoles (50), sug-
gesting that diffusion of morphogens through
ECM, separating cell layers, might be a more gen-
eral phenomenon in development. In Drosophila,
the Sog/Dpp gradient most likely forms in the
perivitelline space; at this time, it is unclear whether
this extracellular space has any topological ho-
mology to Brachet’s cleft.

BMP patterning of the vertebrate
dorsal-lateral CNS

After neural induction and involution of the meso-
derm, the neural plate invaginates to form the
neural tube, which comes to lie between the over-
lying epidermis and the ventral notochord. BMPs
initially produced by epidermal cells diffuse into
the dorsal CNS and activate autonomous expres-
sion of BMPs within the neural tube. These BMPs
then diffuse ventrally to create an activity gradient
that has been proposed to activate neural genes
(such as Msx1/2) dorsally and to repress genes ex-
pressed more ventrally in response to Hedgehog
signaling [reviewed in (51, 52)]. A notable parallel
between patterning of the vertebrate and Dro-
sophila CNS is that orthologs of the Drosophila
neural identity genes are expressed in the same
order relative to the epidermal source of BMPs:
Msx1,2 (= msh) dorsally; Gsh1,2 (= ind) laterally,
and Nkx2.2/Nkx6.1 (= Vnd) in the ventral neural
tube (Fig. 3, A and B). These relative gene expres-
sion domains are also shared with the annelid
worm Platyneris dumerilli (53), suggesting that
the CNS of Urbilateria, the common ancestor of
bilaterians, had at least three subdivisions corre-
sponding to primary rows of neuronal progen-
itors (54). How BMP-mediated regulation of this
conserved suite of gene expression may have
evolved is discussed further below.

Quantitative modeling of morphogen
gradient formation and activity

The panoply of mechanistic experimental data
summarized above has spurred development

of increasingly complete and predictive math-
ematical models of BMP-mediated patterning
(16, 29, 55–58). In several instances, these mod-
els have suggested potential new network be-
haviors that have subsequently been tested
experimentally and verified. This modeling can
help address questions such as how a morphogen
gradient leads to reliable patterning and how
patterning can be coupled to growth in some
cases (59). These are nontrivial problems for sev-
eral reasons. First, it is difficult to imagine mech-
anisms by which a single morphogen could specify
thresholds varying over two or more orders of
magnitude in concentration. Second, there is great
variability and fluctuation in many cellular func-
tions such as changes in cell shape, size, surface-to-
volume ratio, number of cell-surface receptors,
protein concentrations based on transcriptional
interruption during cell division and transcrip-
tional bursting, and noise that is inherent to all of
these and other processes required for cells to mea-
sure and respond to a given level of morphogen.
Yet, despite these considerable signal-degrading
factors, embryos and appendages develop with
marked fidelity and are surprisingly resistant to
a variety of experimental perturbations (e.g., scal-
ing the overall shape of structures with great ac-
curacy in the face of major alterations in the
size of those structures). We consider here several
mechanisms for creating and responding to mor-
phogen gradients, as well as homeostatic correc-
tive mechanisms, which, in aggregate, may help
account for how such reproducible patterning is
achieved.

Creating morphogen gradients

Although beyond the scope of the current Review,
several different mechanisms have been proposed
for the creation of stable morphogen gradients
(Fig. 4). Perhaps the most obvious and commonly
considered mechanism is free diffusion of the
secreted morphogen in the extracellular space
(Fig. 4A). Models assuming extracellular diffu-
sion of BMPs and other morphogens (e.g., Wnts
and Hedgehog-related factors) are consistent with
experimental observations in diverse systems.
Additionally, there is direct evidence for such a
simple mechanism in forming BMP activity gra-
dients in the Xenopus gastrula (see above) and
the Drosophila wing imaginal disc (60, 61), as
well as indirect modeling support in other systems
(62). There is also evidence for other means of
morphogen transport (Fig. 4B), including vesicle-
bound release from cells (exosomes or argosomes)
(63, 64), transcytosis, movement or migration of
morphogen-producing cells (65), and direct long-
distance cell-to-cell contacts mediated by filopodia-
like processes called cytonemes (66–71). Cytonemes
can extend, in a directed fashion, more than 100 mm
from a cell and can mediate reception of specific
morphogen signals [e.g., Dpp versus Hh or FGF
(67)] (Fig. 4C). In the case of migrating tracheal
cells in the Drosophila wing imaginal disc, mu-
tations that inhibit the formation of cytonemes
abrogate the ability of tracheal cells to respond
to Dpp produced in the wing disc epithelium
(66), strongly suggesting that these cytoplasmic

extensions play an essential role in this form of
inductive signaling.
Activity gradients of a morphogen can also

be created by temporal mechanisms. One class
of time-integrating mechanisms is for cells to
retain a “memory” of having been exposed to a
certain level of morphogen in the past. Such
memory can be accomplished directly by per-
durance of a morphogen within a cell (e.g., low
turnover rate) or indirectly via the activation of
a stable switch of some kind. For example, in
the case of Hh signaling in the Drosophila wing
imaginal disc, the width of the Hh responsive
domain (six to eight cells) remains constant dur-
ing the growth of the wing disc, whereas cells at
the outer edge of the Hh receptive domain move
out of range as the disc grows (72). In this sit-
uation, if memory of the Hh signal fades on a
time scale on the order of the growth rate, then a
gradient of Hh response will be observed in cells
lying anterior to those currently receiving the
diffusible signal. Similarly, in the case of Wg sig-
naling, a tethered form of the ligand can largely
replace the function of the normally secreted
form in long-range patterning, partly due to the
formation of a crude activity gradient that likely
reflects memory of contact-mediated signaling
and cell displacement during tissue growth (73).
Transient patterning events may also seed the

outcome of bistable cell fate choices. For exam-
ple, differences in the genomic length of a locus
result in differential temporal delays in gene ac-
tivation or repression and can lead to the for-
mation of transient spatial gradients (74), which
in principle could bias the outcome of stable
cross-regulatory interactions among those genes.
Indeed, the length of target genes of several mor-
phogen gradients (including Dpp) in the Dro-
sophila embryo and wing disc follows an ordered
trend with respect to the morphogen-defined
axes (74). Differential delays in the responses of
particular genes to a morphogen may also occur
[e.g., a DV progression of neural identity gene
expression in both Drosophila and vertebrates
(75–77)]. Determining the contributions of such
diverse spatial and temporal mechanisms for
creating gradients of morphogen activity in dif-
ferent developmental settings is one the most
important challenges for future studies.

Responding to morphogen gradients

In French flag models, the salient feature of the
morphogen gradient read by cells is the abso-
lute level of the morphogen. Mathematical mod-
els built around this simple premise have revealed
trade-offs in patterning performance regarding
parameters such as peak ligand or receptor levels,
receptor turnover, receptor occupancy, or ligand
diffusion length scale (58, 78). Thus, parameter
sets that do well in one part of the gradient typ-
ically lead to poor or mediocre performance in
other regions. However, by nature a gradient has
other features that cells could also detect, in-
cluding its slope, inflection points, and temporal
elements (e.g., the time derivative of a signal or
its integrated levels). Different levels of signal-to-
noise could also be used, in principle, to estimate
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distances far from a source of morphogen be-
cause stochastic differences in signaling between
neighboring cells should be graded toward the
tail end of a gradient. Parallel processing of these
various features of a gradient may allow cells to
detect their positions across the full expanse of
the gradient (Fig. 5A).

Homeostatic feedback mechanisms

It has become increasingly evident that homeo-
static feedback mechanisms play a key role in

establishing and maintaining reproducible mor-
phogen gradients in the face of challenges such
as tissue growth, noise, morphogenetic move-
ments, and variable environmental inputs (e.g.,
nutrient availability, temperature). Expanders
such as Sizzled in Xenopus embryos (Fig. 2E) or
Pentagone (Fig. 5B) in Drosophila wing discs
[reviewed in (14, 55)] provide examples of factors
that can scale the gradient length constant to the
growth of tissues. Expanders, which are typically
produced at the low end of a gradient (by virtue

of having their expression inhibited by morpho-
gen signaling) and are highly diffusible, bind to
ligands and stabilize them [e.g., by preventing
their degradation (79)]. The stabilizing effect of
Pentagone, which may act via its interaction with
the glypican Dally (80) (a Dpp co-receptor), allows
Dpp to travel further as the tissue grows (Fig. 5B),
thereby increasing the gradient length constant
and scaling the patterning response.
Local interactions between cells can also act ho-

meostatically to integrate growth or environmental

SCIENCE sciencemag.org 26 JUNE 2015 • VOL 348 ISSUE 6242 aaa5838-7

t    –>1/D 1/2 

S
ig

na
l 

Time 

A
ut

oc
or

re
l. 

Frequency 

D ~1/D 

Dpp Dpp Hh Hh Hh 

A P 

FGF 
Hh 

 

A 

C 

B Free diffusion Transcytosis/Argosomes 

Cytonemes 

FRAP 

FSAP 

FCS 

Secretion/
endocytosis  

Vesicle
trancytosis 

 

Pinocytosis 

Morphogen 
gradient 

Wing disc 

Air sac 

Fig. 4. Mechanisms of morphogen movement. (A) Methods for measuring
free diffusion of a morphogen. Fluorescence recovery after photobleaching
(FRAP) provides an estimate for 1/D approximately equal to the half time
required to regain fluorescence in a region after photobleaching of a fluorophore-
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neighboring cell. (C) Cytonemes either transport receptor-ligand complexes
back to the cell body or export ligands for release and reuptake at a distance
from a signal-producing cell. (Left) Diagram summarizing cytoneme-mediated
transport of Dpp, Hh, and FGF ligands in the developing Drosophila wing pri-
mordium.Within the wing disc monolayer, Hh is transported from producing cells
in the posterior compartment to six to eight cell diameters into the anterior
compartment. Cells in peripheral regions of the disc send cytonemes toward the
center of the disc, where they contact Dpp-producing cells and endocytosis Dpp:
Receptor complexes and transport them back to the cell body (117). (Right) Air
sac cells, a migrating outpocketing of the tracheal system, extend independent
classes of cytonemes to contact the overlying wing disc to respond to either Dpp
or FGF (66). [Credits: (A) adapted from content in boxes 5 and 6 of (62); (C) left
panel modified and assembled from components in figure 1D of (117), right panel
from (66)]
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systems with morphogen-mediated patterning
to achieve accurate scaling of morphological
structures, as in bisected Xenopus embryos that
develop into normal tadpoles of half size. Sig-
naling systems—such as the planar polarity and
Fat/Yorkie pathways, as well as lateral inhibitory
interactions (e.g., Notch signaling)—provide such
feedback for patterning [reviewed in (14, 81)].

Integration of multiple
developmental cues

The Victorian polymath Francis Galton intro-
duced the concept of the “wisdom of crowds or
vox populi” by asking a crowd of 800 people
attending a country fair to guess the weight of
an ox. Astonishingly, the average of the individ-

ual guesses differed from the actual weight
(1198 pounds) by only 1 pound (<0.1%), with the
median guess being off by only 9 pounds (<1%)
(82). The accuracy of this collective estimation,
which has been put forward as an argument in
favor of democracy and other forms of plurality
(83), was predicated on eachmember of the crowd
having an informed but independent basis for
guessing, no prior communication between mem-
bers of the crowd, and a mechanism to collate
these guesses to generate a consensus (average
or median estimate). Might a similar strategy
help to explain the ability of cells to guess their
place in a morphogen gradient? This could be
the case if cells possess mechanisms to integrate
the variety of potential parallel-acting mecha-

nisms for generating a gradient (e.g., facilitated
diffusion, exosomes, cytonemes), each of which
could be read independently by distinct com-
partmentalized receptor complexes, as well as
the diversity of gradient information that could
impinge on each particular readout of the gra-
dient (e.g., the magnitude, integral, and deriv-
ative of the signal) and homeostatic network
interactions (e.g., cross-regulation between genes
receiving distinct sets of gradient inputs, as well
as proportional, integrated, and derivative feed-
back compensation). Such a consensus-based esti-
mate of position in a morphogen gradient might
perform well in establishing the relative position
of a cell and, in conjunction with local regulation
of secondary feedback signals (e.g., planar signals,
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naling, integral feedback to time average input correcting for fluctua-
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network (left) controlling BMP-mediated anterior-posterior patterning in the
wing imaginal disc (right). Briefly, the Engrailed (En) transcription factor ac-
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riorly to activate Dpp expression in a central stripe. Dpp diffuses both anteriorly
and posteriorly to activate genes such as spalt (sal) and omb in a threshold-
dependent fashion. Wing vein primordia (numbered L1 to L6) are then
induced along specific gene expression boundaries (e.g., the L2 vein an-
terior to the sal expression domain and the L5 vein along the posterior omb
border) (59, 61, 118). (Lower Left) BMP-mediated patterning in the growing

wing imaginal disc (≈1000-fold increase in cell number). The disc increases in
size, whereas relative positions of gene expression patterns remain constant
(i.e., X/Y = constant), indicating that the length constant of the Dpp gradient
increases as the disc expands. (Lower Right) The expander Pentagone con-
tributes to scaling in the wing disc. Pentagone expression (in blue) is repressed
by Dpp (in red) signaling, but it protects Dpp from receptor-mediated endo-
cytosis, thereby allowing it to diffuse a greater distance. As the disc grows,
Dpp-mediated inhibition weakens at the periphery of the disc, allowing ex-
pression of Pentagone, which in turn facilitates diffusion of Dpp. [Credits: (B)
drawn and provided by Valentino Gantz]

RESEARCH | REVIEW



lateral inhibitory factors, expanders), may itera-
tively provide the necessary corrections to achieve
proper scaling. Identifying cellular mechanisms
for integrating such hypothetical consensus-based
integration of diverse gradient estimates and de-
termining whether cells in different developmen-
tal contexts employ distinct guessing algorithms
(e.g., does inductive cell signaling rely more on
cytonemes, whereas long-range patterning de-
pends primarily on facilitated diffusion?) will be
important steps in assessing the validity of this
hypothesis.

Evolution and diversification
of DV patterning systems

As mentioned earlier, the role of polarized BMP
signaling in establishing the DV axis is one the
best examples for evolutionary conservation of a
developmental patterning system. For example,
injection of Drosophila sog mRNA into ventral
regions of a Xenopus embryo lead to axis du-
plications similar to those observed with injec-
tion of chordin mRNA or transplantation of the
Spemann organizer (84, 85). Similarly, vertebrate
BMP pathway components are active in Drosoph-
ila and, in the case of BMP2, can even rescue dpp-
null mutants to full viability (86). This high degree
of functional conservation, in combination with
the similar relative expression patterns of pathway

components in organisms spanning a broad range
of phyla, provides one of the best examples of a
conserved developmental system.

Ancestral role of BMP-mediated
axial patterning

Studies across a broad spectrum of organisms
have provided further evidence for the con-
served role of BMP signaling in DV patterning
and subdivision of the embryo into neural ver-
sus epidermal domains (i.e., neural induction in
the broadest sense). Thus, BMPs and their an-
tagonists define epidermal versus neural cell fates
in arthropods [e.g., basal insects (87) and spi-
ders (88)], lophotrochozoa [e.g., planaria (89–91)
and polychaete annelids (53)], and deuterostomes
[echinoderms (91) and nonvertebrate chordates;
e.g., amphioxus (93)] [reviewed in (4, 94)].
BMPs and their antagonists are also expressed

in localized patterns in diploblast embryos (i.e.,
cnidarians, the sister group to bilateria, compris-
ing jellyfish, sea anemones, corals, and hydra)
where they play an important role in establishing
primary body axes (95, 96). As diploblasts have
diffuse nerve nets, the presence of polarized BMP
signaling in these species suggests that axial
patterning by BMPs preceded centralization
of the nervous system. During gastrulation, the
Nematostella (sea anemone) gastrula embryo

forms a directive axis that expresses Chordin,
Dpp, and BMP5-8 on one side and the BMP
GDF-like and the BMP antagonist Gremlin on
the opposite side. Although Chordin and Dpp
are secreted by the same group of cells (Fig. 6),
signaling by phospho-Smad1/5 takes place in the
opposite side, where likely Dpp:BMP5-8 dimers
are liberated from Chordin inhibition by Tolloid
(95). This ancestral long-distance signaling path-
way has marked similarities to the ones present
in Xenopus, zebrafish, and Drosophila, except that
in Nematostella this gradient also controls the
expression of Hox genes.
A variety of evidence suggests that the role for

BMPs in specifying epidermis and a condensed
nervous system arose in an uribilaterian ancestor.
First, as mentioned above, BMPs perform these
two functions in diverse organisms spanning all
three major bilaterian branches. Second, neural
identity genes are expressed in a conserved se-
ries of DV domains in much the same fashion
that Hox genes are expressed along the AP axis.
Third, species with condensed CNS organiza-
tion are present within the great majority of the
30 bilaterian phyla (97). Many phyla also con-
tain organisms with simpler body designs, which
are likely to have arisen secondarily as derived
simplifications of the basal body plan. For ex-
ample, in hemichordates, which have a diffuse
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nerve network, suppression of neuronal devel-
opment by the BMP gradient has been lost. How-
ever, the components of this pathway are still
expressed in a polarized pattern, which suggests
that they are required for other DV patterning
functions such as determining the ventral posi-
tion of the mouth (98).

Evolvability of BMP-mediated patterning

Although, as argued above, it seems likely that
BMP-mediated axial patterning is an ancestral
trait, there is also a marked degree of flexibility
in how particular BMP pathway components are
deployed to achieve the common goal of gen-
erating epidermis in regions with high levels of
BMP signaling and neuroectoderm in regions of
low signaling (Fig. 6). For example, in more prim-
itive insects (e.g., beetles), the source of BMPs
is not localized along the DV axis, but ventrally
produced Sog helps BMPs diffuse to the dorsal
side of the embryo (99) as it also does in Dro-
sophila (21, 24, 29, 57, 100–106). Also, in more prim-
itive dipterans such as the scuttle fly, the BMP
gradient is broken into two peaks that define
distinct tissues in this species, the amnion versus
the serosa, in contrast to Drosophila with single
blended extra-embryonic tissue, the amnioserosa
(107). In spiders, a cluster of Dpp-producing mes-
enchymal migratory cells leaves a trail of signal-
ing that specifies the future dorsal midline that
may be contacted by epithelial cells via cytonemes
(108). In the mouse, chordin knockout causes only
minor phenotypes in the prechordal midline,
but in combination with noggin knockouts, the
forebrain fails to develop (109). Thus, in mam-
mals, which have a slower development and lack
epiboly movements over a yolk mass (which re-
quires the maintenance of a constant gradient),
redundant BMP antagonists increase in develop-
mental importance. In sea urchin embryos, BMPs
and Chordin (Chd/Sog) are coexpressed (orally)
(as is the case for ADMP, BMP2, and Chordin in
Xenopus), and the BMP activity gradient forms as
a consequence of differences in BMP and Chordin
diffusion (92). This strategy is analogous to that of
sea anemone embryos in which Dpp and Chordin
are expressed in the same cells and the key reg-
ulator of the system is the shuttling of Chordin
(95). However, some animals such as annelids
seem to have lost chordin from their genome,
and other BMP antagonists such as Noggin and
Gremlin are brought into play (110, 111). In the
case of the leech, DV patterning is regulated by
BMPs inducing only immediately adjacent cells
and up-regulating the BMP antagonist Gremlin
(94, 111). These evolutionary developmental biol-
ogy (“evo-devo”) studies have revealed a high de-
gree of evolvability in the ancestral Sog/Chordin/
BMP DV patterning gradient.
There is also evidence for evolvability of BMP

signaling in CNS patterning. Although BMP ac-
tivity gradients are consistently oriented with
respect to the epidermis and subdomains of the
CNS in diverse organisms, it appears that they
achieve this conserved output by alternative mech-
anisms. As summarized above, BMPs act during
CNS patterning in Drosophila as they do earlier

in neural induction to repress expression of neu-
ral genes, whereas in vertebrates the consensus
view has been that BMPs activate genes in dorsal
and lateral regions of the spinal cord (51). Analysis
of cis-regulatory elements responsible for BMP-
mediated regulation of the paralogous Drosophila
msh and zebrafish msxB genes in the dorsal CNS
supports opposite modes of BMP regulation (37).
Mutation of BMP-responsive SMAD sites leads
to derepression of msh reporter gene expression
in the epidermis in Drosophila, whereas a com-
parable mutation results in the loss of msxB re-
porter gene expression in zebrafish. Thus, BMPs
can act by opposite mechanisms (weak repres-
sion versus weak activation) to achieve the same
gene expression output pattern.

Conclusions and future perspectives

Over the past two decades, the molecular basis
for classic embryological observations has been
elucidated in great detail and has led to testable
quantitative network models for BMP-mediated
regulation of DV patterning. This progress not-
withstanding, several important questions re-
main. Perhaps foremost among them is how
network models can account for the nearly in-
variant morphologies of fully developed orga-
nisms and how such reproducible patterning is
achieved in the face of considerable difficulties
in accurately reading morphogen activity across
the broad range of graded concentrations, which
engenders unavoidable tradeoffs. Such models
must also cope with inherent variations in crit-
ical parameters arising from both intrinsic noise
and environmental variation, which can result in
substantial perturbations, as illustrated by embryos
of vastly different sizes or developing at different
temperatures, forming correctly proportioned
adults. It will be interesting to see whether mod-
els based on the “wisdom of crowds” concept shed
light on this problem. Experimental tests of such
models should account for various forms of po-
tential parallel genetic circuitry (or redundancy)
that are integral to this line of thinking. Thus, the
loss of single or even multiple circuits may not
have a major effect on morphology, but the roles
of these circuits might be revealed in sensitized
backgrounds where other critical elements are
weakened. A salient example of such redundancy
is the ability of a membrane-tethered form of Wg
alone to sustain viability and generate almost
normal patterning (73), whereas it is nearly cer-
tain that diffusible forms of the protein also nor-
mally play a role in patterning. Additionally, new
quantitative approaches integrated with cutting-
edge imaging methods should be considered,
such as using Bayesian statistical models to re-
veal potential links in gene regulatory networks by
examining the effects of many (hundreds) modest
perturbations of the system (e.g., heterozygosity
or duplication of each gene in the network) on
multiple gene expression markers in vivo across
fields of developing cells [e.g., (112, 113)].
Other important questions include how differ-

ent stable BMP signaling networks are deployed
within an organism to accomplish distinct pat-
terning events and how interactions within these

networks can change during evolution while
retaining similar developmental outputs. With
regard to adaptation of BMP signaling networks
to different developmental contexts, an intriguing
question is whether different modes of BMP trans-
port dominate in particular settings. For exam-
ple, might free diffusion facilitated by a sink
be a dominant mechanism for dispersing ligands
between cell sheets, whereas cytonemes offer
a preferred mode of transport for other types of
inductive signaling (e.g., during Dpp-dependent
induction of the Drosophilamidgut or in mainte-
nance of local stem niches)? Mutants selectively
inhibiting the formation of cytonemes dedicated
to specific signaling pathways will provide im-
portant new insights into this mode of ligand
transport and reception.
Comparative studies of BMP regulatory net-

works (such as that involved in early embryonic
DV patterning and neural induction) in addi-
tional species would also be of interest, as well
as further analysis of BMP-dependent CNS pat-
terning, as discussed above. An interesting ques-
tion in this regard is whether critical changes in
a network are accomplished at the level of al-
terations in cis-regulatory elements that shift pat-
terns of gene expression or by the addition or
subtraction of specific proteins from the system,
such as expanders or other factors mediating feed-
back interactions. Clearly, many interesting and
important questions remain in this paradigm-
setting field.
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