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The gene regulatory network (GRN) underpinning dor-
sal–ventral (DV) patterning of the Drosophila embryo is
among the most thoroughly understood GRNs, making it
an ideal system for comparative studies seeking to under-
stand the evolution of development. With the emergence
of widely applicable techniques for testing gene function,
species with sequenced genomes, and multiple tractable
species with diverse developmental modes, a phylogeneti-
cally broad and molecularly deep understanding of the
evolution of DV axis formation in insects is feasible. Here,
we review recent progress made in this field, compare our
emerging molecular understanding to classical embryolog-
ical experiments, and suggest future directions of inquiry.

Bilaterally symmetric animals are defined by the presence
of two orthogonal axes of symmetry: the anterior–posterior
(AP) axis, running parallel to the gut from mouth to anus,
and, perpendicular to this, the dorsal–ventral (DV) axis.
Despite the wide variety of disparate modes of embryogen-
esis and final forms found among the animals, some highly
conserved signaling pathways and transcription factor net-
works have been found to govern axis formation in the
majority of animals. For example, recent findings suggest
that Wnt signaling plays a conserved role in establishing
the AP axis of most bilaterian animals by controlling the
expression of the Hox cluster genes (Petersen and Reddien
2009). In addition, the use of graded BMP signaling is
broadly conserved in both setting up the DV axis in early
embryogenesis (De Robertis 2008) and DV patterning of the
ectoderm in later development (Mizutani and Bier 2008).
Despite these conserved molecular principles of many
aspects of axis formation, some major transitions in strate-
gies for axial patterning have occurred in animal evolution.
For example, Wnt signaling is not involved in AP axis
establishment in Drosophila, while a novel gene, bicoid,
performs the major patterning role. Similarly, the role of
BMP signaling in establishing DV polarity is strongly re-
duced in Drosophila, where Toll signaling (which has
a highly conserved, ancestral role in innate immunity) is
responsible for generating the vast majority of DV patterning

information. Thus, understanding the evolution of axial
patterning can provide valuable insights into how conserved
regulatory networks adapt to novel patterning environ-
ments, and how evolutionary novelties can be incorporated
into an established patterning system.

DV patterning in insects provides an ideal system for
studying how developmental evolutionary change affects
the interplay between conserved and nonconserved mech-
anisms. The advantages of insects as a model clade include
the following: (1) They represent a spectacularly diverse
assemblage of species, and thus a large number of potential
sampling points are available with which the evolutionary
history of insect DV patterning mechanisms can be re-
constructed. (2) Many radical transitions in modes of em-
bryogenesis (such as polyembryony and viviparity) have
arisen multiple times in insects, allowing the exploration
of how the DV patterning network adapts in the face
of evolutionary novelties. (3) Many insect species have
had their full genomes sequenced (Weinstock et al. 2006;
Richards et al. 2008; The International Aphid Genomics
Consortium 2010; Werren et al. 2010), making the identi-
fication of key components and targets of the DV pattern-
ing network more straightforward and efficient. (4) Cru-
cially, techniques to test gene function—such as germline
transformation (Berghammer et al. 1999; Peloquin et al.
2000; Tamura et al. 2000; Pavlopoulos et al. 2004; Nakamura
et al. 2010) and parental RNAi (pRNAi), where gene
function can be knocked down in embryos by injecting
dsRNA into pupal or adult females (Hughes and Kaufman
2000; Bucher et al. 2002; Miyawaki et al. 2004; Lynch and
Desplan 2006; Ohde et al. 2009)—are widely applicable
throughout the insects (see Fig. 1), which allows a deep
understanding of gene interactions that is complementary
to the opportunities for broad phylogenetic sampling of
insect DV patterning mechanisms. (5) Finally, the almost
complete understanding of Drosophila DV axis patterning
serves as a powerful source of comparative information
and hypothesis generation.

Setting up the DV axis in Drosophila

Since the Drosophila DV patterning gene regulatory net-
work (GRN) is the gold standard to which other insects
will be compared, crucial aspects of the functioning of
this network are described here (for more in depth review,
see Roth 2003; Moussian and Roth 2005; Hong et al. 2008;
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Roth and Lynch 2009). The cascade of molecular inter-
actions that lead to the establishment of cell fates along
the DV axis of the Drosophila embryo begins with a
symmetry-breaking event in the ovary, when the oocyte
nucleus moves to a cortical position that is asymmetric
with regard to the short axis of the egg chamber (Roth and
Lynch 2009). mRNA for gurken (grk) is localized around
the oocyte nucleus and translated, and its protein (encod-
ing a tgf-a-like EGF ligand) is secreted to the overlying
somatic follicle cells, where it activates the EGF receptor
(EGFR) (Fig. 2A; Schupbach and Roth 1994). The main
target of Grk signaling relevant to DV axis patterning is
pipe, whose expression is repressed in the dorsal follicle
cells in response to EGFR activation (Fig. 2A; Sen et al.
1998).

Pipe encodes a sulfotransferase whose targets were
identified recently as vitelline membrane resident pro-
teins (Zhang et al. 2009a). The ventral restriction of Pipe
function is important to localize the activity of a serine
protease cascade (Fig. 2B)—likely through interactions of
its modified substrate with the Snake and Easter proteases
(Cho et al. 2010)—to the ventral region of the perivitelline
space. This protease cascade leads to the cleavage and
activation of the Toll ligand Spätzle (Spz) in the ventral
portion of the perivitelline space (Fig. 2B; Moussian and
Roth 2005).

After the egg is laid, cleaved Spz protein binds and
activates the maternally supplied Toll receptor present on
the plasma membrane of the embryo. Activation of Toll
leads to the phosphorylation and degradation of the IkB

homolog Cactus (Cact) (Fig. 2C), which, in the absence of
signaling, binds the NF-kB transcription factor Dorsal and
sequesters it in the cytoplasm. The phosphorylation of
Cact allows the translocation of Dorsal to the nucleus,
where it binds specific DNA sequences and regulates the
transcription of numerous genes (Fig. 2C; Moussian and

Figure 1. Phylogenetic tree of species discussed in the text. The
green box denotes ametabolous insects (hatchlings similarly pro-
portioned to mature adults), the purple box denotes hemimetab-
olous insects (hatchlings lack functional reproductive organs and
some adult structures such as wings), and the blue box denotes
holometabolous insects (hatchlings are highly reduced larvae, and
undergo complete metamorphosis in a pupal stage). (*) Availabil-
ity of RNAi; (x) availability of germline transformation.

Figure 2. Patterning the DV axis in Drosophila and Tribolium.
(A–C) DV patterning cascade of Drosophila. (A) In the ovary,
localization of grk mRNA (red) around the oocyte nucleus leads
to the activation of the EGF pathway (blue) in the follicle cells,
restricting pipe expression to the ventral follicle cells. (B) In the
perivitelline space, ECM components modified by pipe lead to
the localized activation of a protease cascade and, ultimately, to
the activation of Spz, which binds and activates the Toll receptor.
(C) In the embryo, Toll activation leads to phosphorylation and
degradation of Cact, allowing nuclear translocation of Dorsal in
a ventral-to-dorsal gradient (purple circles) where it regulates the
expression of target genes. Components of the BMP (sog, dpp, and
tld) and EGF (rho) signaling pathways and a regulator of Notch
(N) signaling (sna) activated by different thresholds of Dorsal
concentration are shown on the left side of the split embryonic
cross-section. On the right side, tissue-specific target genes that
integrate input from one or more of these pathways with that of
Dorsal concentration are shown. (D–F) DV patterning cascade of
Tribolium. (D) Like Drosophila, EGF signaling is activated in
association with the position of the oocyte nucleus. However,
mRNA for the ligand (tgfa) is not localized. Targets of EGF
signaling have not yet been identified in the Tribolium ovary, and
it is not clear how patterning information is transmitted to the
embryo. (E) Preliminary evidence indicates that the protease
cascade and Spz are required for Toll activation, but how or
whether these events are restricted to the ventral perivitelline
space is not known (indicated by ???). (F) Unlike Drosophila, there
is considerable feedback regulation at the zygotic level in the
Tribolium DV patterning system. As in C, the left half of the
cross-section illustrates the expression of signaling pathway
components just before gastrulation, while the right half shows
the expression of target genes of Dorsal and/or downstream sig-
naling pathways. For EGF signaling, the pathway has been shown
to be activated laterally, but it has not been demonstrated that it
has direct input into vnd or sim expression.
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Roth 2005). Toll activation occurs in a gradient emanat-
ing from the ventral midline, leading to a corresponding
gradient of Dorsal nuclear uptake. This gradient is stable
throughout the 14th synchronous nuclear division cycle,
when most embryonic patterning takes place, and shows
a similar shape with lower amplitude during the preceding
five syncytial divisions (Kanodia et al. 2009; Liberman et al.
2009).

The graded pattern of nuclear Dorsal uptake is not
simply a readout of the ventral pipe expression pattern in
the ovarian follicle cells, because the latter is expressed
uniformly in its domain (Fig. 2A; Roth 2003). This paradox
is deepened by mutations—such as those affecting grk and
other EGF signaling components—–that result in the ex-
pansion of the pipe expression domain. Instead of simply
expanding, the Dorsal gradient splits, resulting in two
peaks of ventralizing activity in the embryo (Moussian and
Roth 2005). Thus, there must be dynamic, self-regulatory
mechanisms that allow the transformation of the uniform
pipe domain in the ovary into a graded domain of Dorsal
nuclear uptake in the embryo. This self-regulation appears
to occur at the level of Spz activation (Morisato 2001), but
its exact nature is not yet clear. It is also interesting to note
that recently it has been suggested that there might be a
source of DV polarity information in addition to pipe, since
embryos derived from egg chambers expressing pipe ubiq-
uitously in the follicle cells still show some degree of
polarity along the DV axis (Zhang et al. 2009b). This may
be related to the earlier finding that BMP signaling mole-
cules expressed during oogenesis might have a direct input
into Toll signaling in the embryo (Araujo and Bier 2000).

Interpretation of the Dorsal gradient

The establishment of the nuclear gradient of Dorsal is the
pivotal event in DV axis formation in Drosophila, because
all cell fates along this axis depend directly or indirectly on
Dorsal for their proper regulation. Dorsal acts as a morpho-
gen, activating and repressing target genes in a concentra-
tion-dependent manner (Fig. 2C). The differential sensitiv-
ities of Dorsal target genes is reflected, in part, by the
affinities and arrangement of Dorsal-binding sites in their
respective enhancers, such that enhancers of ventrally ex-
pressed genes possess low-affinity sites, while those that
respond to the low levels of nuclear Dorsal on the dorso-
lateral side of the embryo are composed of high-affinity
binding sites (Stathopoulos and Levine 2004; Hong et al.
2008).

The expression of target genes is not, however, com-
pletely specified by the Dorsal-binding sites in their en-
hancers. Dorsal cooperates with other maternal factors—
such as Zelda, basic helix–loop–helix (bHLH) proteins,
and at least one unidentified factor—to achieve the most
dorsally extending expression domains (Crocker et al.
2008; Liberman and Stathopoulos 2009). In addition,
Dorsal cooperates with its ventral targets twist (twi) and
snail (sna) to pattern the mesoderm and ventral neurec-
toderm. Finally, Dorsal regulates components of other sig-
nal transduction pathways (Hong et al. 2008). The most
important of these for establishing the initial polarity of

the embryo are the EGF and BMP pathways (Fig. 2C). EGF
signaling is activated in the neurogenic ectoderm as a
result of the lateral expression of the Dorsal target
rhomboid (rho). The resulting gradient of EGFR activa-
tion helps to set and refine the borders of genes patterning
the neurogenic ectoderm (Schweitzer et al. 1995; Gabay
et al. 1996; Von Ohlen and Doe 2000; Hong et al. 2008).

Dorsal also has a major role in regulating components
of the BMP signaling pathway. It activates a broad lateral
domain of the BMP inhibitor short gastrulation (sog) and
represses the expression of the BMP2/4-like ligand decap-
entaplegic (dpp) and the metalloprotease tolloid (tld) such
that they are restricted to the dorsal side of the embryo
(Fig. 2C; Stathopoulos and Levine 2005). This arrange-
ment of pathway component expression leads initially to
a gradient of BMP activation that patterns the dorsal side
of the embryo. This gradient later resolves into a sharp
peak at the dorsal midline as a result of complex protein–
protein interactions among BMP components (O’Connor
et al. 2006) and transcriptional feedback (Wang and
Ferguson 2005).

Drosophila uses highly derived modes
of embryogenesis and oogenesis

Although the DV patterning network of Drosophila is
understood in great detail, and thus serves as a critical
basis for comparative studies, the fly exhibits highly
derived features and is not typical of insects in several
respects. Drosophila undergoes what is termed long-germ
embryogenesis, where all segmental (AP) and germ layer
(DV) fates are represented in a coordinate system on the
surface of the blastula stage embryo. This mode of em-
bryogenesis allows for the rapid and nearly simultaneous
assignment of DV fates to cells representing the entire
segmental extent of the future larva and adult fly (Fig. 3D;
Davis and Patel 2002). Long-germ embryogenesis is found
only among holometabolous insects, where the consensus
opinion is that this mode has been derived multiple times
independently.

This is in contrast to the ancestral short-germ mode of
embryogenesis, found in all hemimetabolous insects and
some holometabolous insects such as the beetle Tribolium
castaneum. In this type of embryogenesis, the embryonic
primordium is often (but not always) (Fig. 3E) small in
comparison with the entire egg surface; only some of the
anterior segments (often the head and thoracic segments)
are represented at the blastula stage, while the remainder
are generated and patterned progressively from a posterior
growth zone (Fig. 3E,F; Davis and Patel 2002). Thus, short
germ embryogenesis requires two phases of DV patterning:
one operating at the blastula stage, where a Drosophila-
like system could be used, and one operating in the growth
zone after gastrulation, which has no clear counterpart in
the fly. Furthermore, it is not clear whether a mechanism
that is dependent on maternally established, global, DV
egg polarity is necessary—or would even be effective—in
species such as Schistocerca americana, where the em-
bryo primordium is very small in relation to the large,
yolky, egg (Dearden and Akam 2001).

DV patterning in insects
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This question in regard to the nature and amount of
maternally provided DV patterning information is related
to another major difference between Drosophila and the
ancestral system in insects: its mode of oogenesis. The
basic unit of the Drosophila ovary is the egg chamber,
which is composed of three general cell types: (1) somat-
ically derived follicle cells, which form a monolayer on
the surface of the egg chamber; (2) the germline-derived
oocyte, which gives rise to the egg and embryo; and (3) the
nurse cells, also of germline origin, which are specialized
for synthesizing the large amounts of mRNA and cyto-
plasmic components required to support the rapid de-
velopment of the fly embryo. These nurse cells are sister
cells of the oocyte, arising by incomplete cytoplasmic
divisions of a germline stem cell. This is termed polytro-
phic meroistic oogenesis (Büning 1994); it is found mainly
in holometabolous insects, and is associated (but not com-
pletely correlated) with long-germ embryogenesis (Fig. 3A;
Roth 2004).

Another type of oogenesis that includes germline-
derived nurse cells is termed telotrophic meroistic oogen-

esis. In this mode, the nurse cells are located at the
anterior tip of each ovariole, serve as a common source for
mRNAs and cytoplasmic components to all oocytes, and
have no clonal relationship to the oocytes. Again, the
germline-derived cells are surrounded by a monolayer of
somatic follicle cells. This type of oogenesis is found in
both hemimetabolous (primarily the Paraneoptera, the
sister group to the Holometabola) and holometabolous
insects, and is associated primarily with short-germ em-
bryogenesis, but it also can support long-germ develop-
ment (Fig. 3B; Büning 1994).

Finally, the ancestral mode of oogenesis for the insects
is termed panoistic. In this mode, all germline cells be-
come oocytes, surrounded again by a somatic follicular
epithelium, and all maternal mRNA and cytoplasmic
components required for embryonic development must
be synthesized by the oocyte nucleus (Fig. 3C; Büning 1994).
This mode is associated almost exclusively with short-germ
embryogenesis.

Major themes in the evolution of DV patterning
of insects

Given the diversity in modes of embryogenesis and
oogenesis found among insects, the novelty of using Toll
signaling as a basis for embryonic patterning, and the
long evolutionary history of insects that can be sampled
functionally, a number of general themes have emerged
to direct a research program aimed at understanding the
evolution of the DV patterning regulatory network within
this diverse animal clade: (1) How is positional informa-
tion generated during oogenesis and transmitted to the
embryo in insects with divergent modes of embryogenesis
and oogenesis? (2) How are the asymmetries translated
into patterning gradients in the embryo in these systems?
(3) How does enhancer logic change in response to different
gradient/embryo types? (4) How do growth zone and
blastoderm patterning differ—at both the molecular and
embryological level? (5) When did the use of Toll to pattern
the DV axis of the embryo originate among insects or
arthropods, and what was the ancestral strategy that it
replaced?

Generating maternal cues for DV patterning in insects

Insects are unusual among animals in that their eggs very
often show clear bilateral symmetry (presaging the future
AP and DV axes of the embryo) when they are laid, in-
dicating that symmetry along both axes is broken during
oogenesis in this clade. The potential role of the position
of the oocyte nucleus in combination with signaling from
the oocyte to the follicle cells in establishing the DV axis
was already hypothesized in the middle of the last century
(Netzel 1965, 1968), and the discovery and characterization
of grk provided a molecular basis for how this symmetry-
breaking event could be effected (Neuman-Silberberg and
Schuepbach 1993). However, it was not clear whether the
Drosophila system could be applied to other insects, since
clear grk orthologs had not been found outside of the higher
diptera. With the sequencing of several complete insect

Figure 3. Comparison of the main ovary and embryo types
among insects. (A–C) Structure of ovarioles representing the
three main types of insect oogenesis: polytrophic meroistic (A),
telotrophic meroistic (B), and panoistic (C). Light blue represents
the somatic follicle cell layer, red denotes oocytes, and pink
marks nurse cells. Orange text boxes indicate species mentioned
in the text associated with each type of oogenesis. (D–F) Different
arrangements of cell fates in pregastrulation blastoderm stage
embryos. (D) A long-germ embryo. (E) A short-germ embryo with
a large germ rudiment. (F) A short-germ embryo with a germ
rudiment small in relation to the egg. Blue represents extraem-
bryonic membranes, green indicates ectoderm, and red denotes
mesoderm. Light-blue boxes indicate taxa mentioned in the text
associated with each type of embryogenesis. Full arrows indicate
primary associations between ovary and embryo type, and dashed
arrows indicate rare associations.
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genomes, it became clear that grk was a rapidly evolving
member of a group of three tgf-a-like ligand paralogs in
Drosophila, and that, ancestrally, there was a single ortho-
log (Lynch et al. 2010).

To test the idea that the EGF pathway had an ancestral
role in establishing DV polarity among insects, compo-
nents of the EGF pathway were examined in insects
representing a broad sampling of insect phylogeny: the
cricket Gryllus, the wasp Nasonia, and the beetle Tribo-
lium. In all three species, mRNA for the single Tgf-a-like
ligand is expressed in the germline, mRNA for the EGF
receptor is expressed in the follicle cells, and activation
of the pathway occurs asymmetrically in the follicular
epithelium in association with the position of the oocyte
nucleus (Lynch et al. 2010).

When the EGF signaling pathway is disrupted by pRNAi
against some of its components (e.g., the ligand or EGFR)
dramatic disruption of DV polarity in all three tested
organisms is observed, showing that EGF-mediated germ-
line-to-soma signaling is an ancient strategy for establish-
ing DV patterning among insects (Lynch et al. 2010). In
Gryllus, pRNAi against Gb-tgfa leads to a loss of DV
asymmetry of the oocyte, which has been shown to be
strongly correlated with the future DV axis of the embryo
(Netzel 1968). In Nasonia and Tribolium, severe effects
on embryonic DV patterning were observed, and the
range of phenotypes are reminiscent of the range given
by grk alleles of different strengths (Roth and Schupbach
1994). These phenotypes included simple broadening and
partial duplications of ventral and lateral marker gene
expression. This latter phenotype indicates that self-
regulation downstream from maternally generated asym-
metries is a conserved property of insect DV patterning
systems. In addition, since the Dorsal gradient of Tribolium
follows the same patterns of disruption as the ventral
marker genes, maternal EGF signaling has a conserved
role upstream of Toll signaling to constrain the genera-
tion of the ventralizing gradient to a single peak parallel
to the AP axis of the embryo.

While these results show that the role of maternal EGF
signaling in establishing DV polarity is broadly conserved
in insects, a number of outstanding questions remain
about how the maternally generated DV asymmetries in
the oocyte are translated into embryonic patterning in-
formation. One major missing component is pipe, which
showed no phenotype with pRNAi and had no detectable
asymmetry in its expression in any of the three examined
species (Lynch et al. 2010). Thus, a different mode of trans-
lating the asymmetric activation of EGF signaling in the
follicle cells into embryonic patterning information is
likely present in insects outside of Drosophila (Fig. 2D).
It will be interesting to see whether this mechanism is
related to the additional source of DV asymmetry proposed
to exist in Drosophila (Zhang et al. 2009b).

In Nasonia, Nv-tgfa mRNA is localized to the oocyte
nucleus, similar to grk in Drosophila, as well as in a stripe
extending to the posterior pole. This apparently conver-
gent use of localized mRNA in Drosophila and Nasonia
indicates that mRNA localization is a common solution
to the problem of how to provide a robust source of posi-

tional information along the DV axis required for the
demands of the long-germ mode of embryogenesis. Inter-
estingly, localized mRNA seems to have a similar status
in patterning the AP axis (Lynch et al. 2006; Brent et al.
2007; Olesnicky and Desplan 2007).

In contrast, tgfa mRNA is not localized in either Tribo-
lium (Fig. 2D) or Gryllus, and EGF signaling is activated in
the follicle cells in a restricted, circular gradient emanating
from the region directly overlying the oocyte nucleus in
both species (Fig. 2D; Lynch et al. 2010). This raises a further
question as to how this apparently limited amount of asym-
metric information is transformed into a gradient of high
enough precision to efficiently specify cell fates along the
DV axis. Theoretical modeling has shown that self-regula-
tory systems are capable of transforming weak asymmetries
such as these into robust patterns (Meinhardt 1989). pRNAi
against tgfa in Tribolium and Nasonia indicated that the
DV patterning has self-regulatory properties, and self-
regulation may be an ancestral feature of insect patterning
systems.

So far, it is not known whether ligand activation is con-
served as the level at which self-regulation occurs (Fig.
2E), but work in Tribolium has shown that there is an
additional strategy to achieve self-regulation in DV pat-
terning systems.

Transforming maternal asymmetries
into patterning gradients

The Drosophila Dorsal gradient is stable over time, and
its effects can be observed quite far from its peak at the
ventral midline. Thus, it was surprising when it was
discovered that the Tribolium Dorsal (Tc-Dorsal) gradient
is dynamic over developmental time: In early embryos, it
is extremely broad, then becomes progressively restricted,
until it finally disappears just before gastrulation (Chen
et al. 2000). Recently, it was shown that this dynamic
Tribolium Dorsal gradient arises as a result of feedback
loops involving its zygotic target genes (da Fonseca et al.
2008). Both the upstream activating receptor Toll and the
repressor cact are expressed dynamically in a pattern
mostly following that of nuclear Dorsal and are likely
direct Dorsal targets (Fig. 2F). Furthermore, the ventral
expression of twi, another Dorsal target, is required for the
maintenance of cact expression at the ventral midline
(Fig. 2F), leading to the final extinction of Dorsal nuclear
localization (da Fonseca et al. 2008). The use of zygotic
feedback loops to generate the dynamic Tribolium Dorsal
gradient stands in stark contrast to the fly Dorsal gradient,
which is strictly hierarchical and is established by the
interactions of maternally supplied factors. However, a
remnant of the Tribolium system seems to remain in
Drosophila in the form of a ventral domain of Dorsal-
dependent cact expression that has been uncovered re-
cently in an analysis of genome-wide transcription factor
binding (Sandmann et al. 2007).

Results of Tc-tgfa pRNAi experiments have shown that
the Tc-Dorsal-centered feedback loops are able to func-
tion in the absence of strong maternal EGF input (Lynch
et al. 2010). The irregularities of DV patterning observed
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under these conditions suggest that the system is able to
enhance stochastic fluctuations present in initial concen-
trations of signaling components. This is expected for
patterning systems able to sense and amplify weak starting
asymmetries (Meinhardt 2004).

Like its fly counterpart, Tribolium Dorsal does not
act alone in establishing cell fates along the DV axis of
the embryo. Some evidence exists indicating that, as in
Drosophila, components of the EGF pathway are down-
stream from Dorsal in Tribolium (Fig. 2F; Wheeler et al.
2005; Rousso et al. 2010). In addition, Tc-Dorsal activates
the diffusible BMP inhibitor short gastrulation (Tc-sog)
in a broad ventral domain (Fig. 2F; da Fonseca et al. 2008).
Tc-sog has two related functions in early Tribolium em-
bryogenesis: (1) It inhibits BMP signaling on the ventral
side, where it binds ubiquitous Tc-Dpp, and (2) it trans-
ports bound Tc-Dpp to the dorsal side, where it is released
and activates BMP receptors, resulting in a broad peak of
BMP activation on the dorsal surface of the embryo (Fig.
2F). This domain of BMP activation is required to pattern
the dorsal portions of the extraembryonic membranes
(serosa and amnion) and the dorsal ectoderm (van der Zee
et al. 2006). In contrast to Drosophila, Tc-dpp expression
is not regulated by the Tc-Dorsal gradient.

Due to the different nature of the Tribolium early em-
bryo fate map, where the head primordium is both an
anterior and ventral fate at the blastoderm stage, pertur-
bation of BMP signaling has major effects on anterior
embryonic fates. Knockdown of Tc-dpp results in a ven-
tralization of the embryo, and thus an expansion of the
head anlage, while knockdown of Tc-sog results in ectopic
BMP activation along the border between the extraembry-
onic and embryonic primordia, leading to the deletion of
head segments (van der Zee et al. 2006). This cross-talk
between the AP and DV axis is in contrast to the general
independence of the two axes in Drosophila, while such
cross-talk is typical of vertebrate early embryo patterning
(De Robertis 2008).

In Drosophila, the formation and refinement of the
dorsal BMP activity gradient is the result of a complex
network of protein–protein interactions in the extracel-
lular space (see above). Similar interactions are also re-
quired in Tribolium, but on the whole the network
employed in the early embryo appears to be much simpler
in the beetle compared with the fly (da Fonseca et al. 2010).
In Drosophila, twisted gastrulation (tsg) has two addi-
tional paralogs in the genome (crossveinless and shrew),
and tld has its paralog (tolkin), while in Tribolium, there
are single orthologs of each of the major components. In
addition, only Tc-dpp and its type I receptor, Tc-tkv, are
required during blastoderm patterning, while in Drosoph-
ila the additional ligand screw and type I receptor saxo-
phone are required for full BMP activation (da Fonseca
et al. 2010). Interestingly, these latter two genes are re-
quired for DV patterning of the segments arising from the
growth zone after gastrulation. A further novel property of
BMP signaling in the early Tribolium embryo is that the
function of Tc-tsg is absolutely required for BMP activa-
tion. This differs significantly from what has been found in
both Drosophila, where tsg and shrew are required only for

peak levels of BMP activation, and vertebrates, where tsg-
like genes have both positive and negative effects on BMP
signaling (da Fonseca et al. 2010). It will be interesting to
see whether the absolute dependence of BMP signaling on
Tc-tsg represents the ancestral state, or whether it is
a unique property of the Tribolium system.

Sensing and interpreting patterning gradients

Once patterning gradients have been established in the
early insect embryo, downstream effector genes of differ-
ent cell fates must be activated in their proper domains to
establish different cell fates. The cis-regulatory logic re-
quired for proper expression of genes in different domains
along the DV axis of the Drosophila embryo is now well
described due to the development of techniques for whole-
genome discovery—and computational prediction—of
transcription factor-binding sites (Markstein et al. 2004;
Papatsenko 2007; Sandmann et al. 2007; Zeitlinger
et al. 2007). Understanding how cis-regulatory mod-
ules (CRMs) of DV-regulated genes change in response
to different modes of early development and divergent
dynamics of patterning gradient formation, such as those
described above, will provide a major step forward in
understanding how GRNs for developmental processes
can evolve.

An example from the genus Drosophila shows that
adaptations to different embryonic patterning conditions
can happen over a relatively short evolutionary time.
CRMs of genes expressed in the ventral neurectoderm
(e.g., vnd, rho, and brk) of the Drosophila melanogaster
embryo are characterized by the shared presence and
specific arrangement of Dorsal, Twi, Sna, and other tran-
scription factor-binding sites (Erives and Levine 2004).
Despite the general absence of significant conservation
of noncoding regions at the nucleotide level between D.
melanogaster and its congeners, Drosophila pseudoobs-
cura and Drosophila virilis, CRMs for ventral neuro-
ectoderm genes were detected in the latter two species
based on the same criteria used to detect this class of en-
hancer within the D. melanogaster genome (Crocker
et al. 2008). When the CRMs from D. pseudoobscura
and D. virilis ventral neuroectoderm genes were used to
drive transcription in D. melanogaster, the D. virilis
CRMs consistently drove expression in a domain broader
than the native D. melanogaster cognate gene, while the
D. pseudoobscura enhancers drove consistently narrower
patterns (Crocker et al. 2008). These results indicate
that there have been coordinated changes in the ventral
neurectoderm enhancers specific to each of these line-
ages. These changes correlate in a logical way with differ-
ences in the extent of the Dorsal gradient among the exam-
ined species, but influences of Dorsal protein sequence
evolution or genome architecture could not be excluded.

Another study on DV CRM evolution within the
Drosophila genus focused on enhancers for sog. sog is
among the most sensitive Dorsal targets, and is expressed
in a broad lateral domain that is conserved from D. virilis
to D. melanogaster (;40 million years of independent
evolution) (Liberman and Stathopoulos 2009). Drosophila
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sog enhancers are characterized by the presence of high-
affinity Dorsal-binding sites, very few of which are con-
served in sequence or position, but these are not suffi-
cient to drive sog expression in the most dorsal region of
its domain. Rather, sog requires Dorsal cooperation with
the ubiquitous general activator Zelda to achieve its full
expression (Liberman and Stathopoulos 2009). Liberman
and Stathopoulos (2009) showed that other genes ex-
pressed in patterns similar to that of sog also require
input from ubiquitous activators, but that factors other
than Zelda (such as STAT) can provide the cooperating
input. Using these insights, synthetic enhancers composed
of different combinations of Dorsal- and STAT- or Zelda-
binding sites could be created to drive expression in sog-
like domains (Liberman and Stathopoulos 2009). These
results demonstrate the flexibility of strategies available to
evolution to drive gene expression in particular domains,
and provide valuable groundwork for dissecting DV CRMs
in other insects.

Sampling from a broader phylogenetic range of insects
has shown both that much DV CRM logic has been con-
served over hundreds of millions of years of independent
evolution, and that lineage-specific alterations of the in-
puts to these CRMs have also occurred. In Drosophila,
the mesectoderm marker single-minded (sim) resolves
into single-cell-wide stripes flanking the mesoderm pri-
mordium. Its CRM mediates positive transcriptional in-
puts from Dorsal, Twi, and Supressor of Hairless [Su(H);
an effector of the Notch (N) pathway], and negative input
from Sna. In the bee Apis melifera, sim is also initially
expressed in stripes flanking the presumptive mesoderm,
but the pattern differs from the fly in that the Apis sim
stripes are much broader (up to six cells wide) (Zinzen
et al. 2006). A putative Apis sim CRM was identified by
the presence of clustered Dorsal-, Twi-, and Sna-binding
sites, and this element was able to drive marker gene ex-
pression in an Apis sim-like pattern (broad lateral stripes)
in Drosophila embryos. A comparison of the behavior of
the Apis and Drosophila sim enhancers in various mutant
and misexpression backgrounds showed that the bee en-
hancer is extremely sensitive to regulation by Twi and is
not responsive to Su(H), while the opposite is true in both
respects for the Drosophila enhancer (Zinzen et al. 2006).
These results show that, while the basic logic of sim
regulation has been conserved across ;300 million years
of independent evolution (Wiegmann et al. 2009), lineage-
specific changes in CRM composition have occurred that
may represent adaptations to embryonic patterning envi-
ronments. So far, it is not known whether the Drosophila
or Apis CRM more closely represents the ancestral state,
and the resolution of this question will require more in-
depth sampling of sim regulation throughout the insects.
Increased sampling of insect species should also reveal
further lineage-specific adaptations of CRMs to the diver-
sity of embryonic patterning environments present in this
clade, which will in turn provide further insights into how
cis-regulation can change in the face of natural selection.

With the emergence of a large number of fully sequenced
insect genomes—along with high-throughput, relatively
unbiased techniques (e.g., chromatin immunoprecipita-

tion [ChIP] coupled with microarray analysis [ChIP–chip]
and ChIP sequencing [ChIP-seq]) to identify DV patterning
CRMs—further unexpected themes underlying the evolu-
tion of DV patterning control mechanisms have been
uncovered. One such discovery was that, despite having
no clear homology at the nucleic acid level, CRMs driving
DV patterning gene expression are very often located in
comparable genomic locations over quite large evolution-
ary distances (Cande et al. 2009), indicating that CRMs
may behave more similarly to exons in the course of evo-
lution than would have been expected. Another discovery
was the concept of the ‘‘shadow’’ enhancers, which are
elements that often reside quite distant from their targets,
but drive similar patterns of expression to already de-
scribed CRMs. The presence of such redundant elements
may provide raw material for evolutionary change without
disrupting a running system. Interestingly, the ‘‘shadow’’
enhancer of brk, which is located in an intron of a flanking
gene in Drosophila, is conserved in the mosquito Anoph-
eles (Cande et al. 2009), indicating that the position of this
enhancer has been conserved through 100 million years of
evolution. Thus, it appears that shadow enhancers can be
maintained selectively over evolutionary time, and it will
be interesting to see whether these redundant enhancers
are subject to similar processes that affect duplicated
protein-coding genes (e.g., neofunctionalization, subfunc-
tionalization, or nonfunctionalization) (Force et al. 1999).

Post-gastrulation sans Dorsal: patterning
the growth zone

Despite the major differences described above, DV pat-
terning at the blastoderm stage in the short-germ embryo
of Tribolium is, at its core, basically the same process
that patterns the complete embryo of the long-germ fly
Drosophila: The blastoderm is essentially a two-dimen-
sional, initially homogenous structure, and the two major
axes are patterned perpendicularly and simultaneously
make use of maternally generated positional information.
The major difference between Tribolium and Drosophila
is that, while cells representing the entire future AP axis
of the organism receive their DV fate at the blastoderm
stage in the Drosophila embryo, only cells representing
the future anterior half of the organism are assigned DV
fates at this stage in Tribolium, while the rest must be
patterned progressively as they emerge from the growth
zone (Fig. 4A,B). The growth zone patterning environment
differs greatly from that of the blastoderm: The growth
zone is a three-dimensional structure composed of cells in
differing states of differentiation and cannot rely directly
on maternally derived patterning gradients, as the Dorsal
gradient has been extinguished by the time the growth
zone has formed. Given these differences, the question
becomes: How are DV fates assigned progressively to the
posterior segments of short-germ embryos?

Disruption of Toll signaling by pRNAi showed that the
patterning events occurring at the blastoderm stage are
not completely disconnected from those in the growth
zone. The mesoderm, marked by Tc-twi expression, is the
most ventral fate in Tribolium embryos, and is the fate
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most dependent on Dorsal function at the blastoderm (da
Fonseca et al. 2008). The origin of the mesoderm in the
growth zone had been unclear because Tc-twi is expressed
in two domains in the extending germband: one at the
extreme posterior pole of the growth zone, and one in
mesenchymal cells in the differentiating segments anterior
to it, with the space between devoid of Tc-twi expression
(Handel et al. 2005). Thus, it was not clear whether the
Tc-twi-expressing mesoderm cells in newly formed seg-
ments are derived by induction from the more anterior
segments, or whether cells migrate from posterior of the
growth zone and reinitiate Tc-twi once they arrive at their
proper location. After Tc-Toll pRNAi, the posterior growth
zone domain of Tc-twi is unaffected, but both Tc-twi and
the mesenchymal cells hypothesized to give rise to the
mesoderm are completely absent in the germband. Thus,
it appears that all of the mesoderm requires the action of
Toll signaling at the blastoderm stage, and mesoderm
differentiation in the extending germband is induced from
the anterior to the posterior (da Fonseca et al. 2008).

Tc-Toll pRNAi also revealed that DV patterning after
gastrulation relies on a self-regulatory patterning system
that requires Toll signaling for its proper orientation in
relation to the AP axis. Germbands of Tc-Toll pRNAi
embryos are not simply dorsalized, but rather show re-
peated, periodic expression of dorsal markers (dpp and pnr)
then lateral ectoderm markers (msh2 and sna). Since these
germbands do not receive ventralizing signals, the periodic
pattern of expression of different markers likely reflects

a self-organizing property of the DV patterning system in
the growth zone that requires Toll function at the blasto-
derm stage for its proper orientation in relation to the AP
axis (da Fonseca et al. 2008).

The self-regulatory aspect of growth zone DV patterning
most likely stems from the action of the BMP signaling
pathway. When the BMP-binding protein sog (which is
expressed at the ventral midline of the germband stage
embryo) is knocked down with pRNAi, BMP signaling is
not simply derepressed. Rather, additional peaks of BMP
activation flanking both sides of the ventral midline occur
midway between the two normal peaks at the dorsal
margins of the germband. The origin of this phenotype is
still unknown, but this type of pattern duplication after
perturbation is a hallmark of self-regulatory systems (van
der Zee et al. 2006).

In addition to the insights from these functional studies,
inferences about the mechanism of DV patterning of the
ectoderm during germband elongation can be drawn based
on the expression of signaling pathway components in
combination with knowledge of DV patterning uncovered
in Drosophila. While Toll signaling is no longer used after
gastrulation in Tribolium (da Fonseca et al. 2008), two
other signaling pathways show prominent activation
during germband extension: the BMP and EGF signaling
pathways. BMP signaling shows high activation at the left
and right dorsal flanks of the germband (van der Zee et al.
2006), while EGF activation is strongest in cells directly
apposing the ventral midline (Wheeler et al. 2005; Rousso
et al. 2010). Based on the presence of these two opposing
gradients, it is tempting to propose that cells on either
side of the midline integrate signals from both pathways
in the process of being specified (Fig. 4C,D).

This idea has a strong basis from what is known in
Drosophila, where EGF signaling has ventralizing activity
in setting up the expression domains of the columnar
genes (vnd, ind, and msh, listed in order of expression from
ventral to dorsal), while BMP has a dorsalizing influence
(Von Ohlen and Doe 2000). In normal development, the
inputs of these pathways into the expression of the co-
lumnar genes are largely obscured or made redundant by
direct input of Dorsal regulation (Mizutani et al. 2006).
Interestingly, among the columnar genes in Tribolium,
only vnd is expressed prior to gastrulation, while ind and
msh are expressed medially and laterally, respectively, in
the ectoderm of the extending germband (Wheeler et al.
2005). Thus, the domains of expression of these genes are
conserved in Tribolium, but the transcriptional inputs
driving their expression cannot include Dorsal. Assuming
the opposing gradients of BMP and EGF signaling are the
sources of DV positional information in the Tribolium
germband stage embryo, it appears that, in the Drosophila
lineage, Toll signaling has largely usurped the ancestral
roles of BMP and EGF signaling in ectodermal patterning
in the insects.

The idea of the ventral midline playing a critical
ancestral role in patterning the ectoderm of extending
germband stage embryos is also supported by recent work
in the crustacean Parhyale. When the ventral midline
was destroyed by either laser ablation or RNAi against

Figure 4. DV patterning of post-gastrulation short-germ em-
bryos. (A) Soon after gastrulation and condensation of the
germband, only the most anterior segments have been specified
and have clearly established DV cell fates, while the cells in the
growth zone that give rise to the majority of the embryo remain
uncommitted. (B) As embryogenesis proceeds and cells leave the
growth zone, they must simultaneously receive AP and DV
positional information to be properly integrated into the extend-
ing germband. In A and B, orange denotes head, brown denotes
thorax, magenta marks abdomen, and gray marks growth zone.
(D) Dorsal; (V) ventral. Dashed lines correspond with schematic
cross-sections in C and D. (C) Cells just exiting the growth zone
encounter two signaling gradients: one with peak levels on the
dorsal margin of the germband (BMP signaling; nuclei in shades
of red), and one emanating from cells surrounding the ventral
midline (MAPK signaling; nuclei in shades of blue). (D) After
cells become incorporated into the germband, the signaling
gradients were interpreted, and different cell fates along the
DV axis were determined (as indicated by different colored
nuclei). In C and D, red tissue is mesoderm, green is ectoderm,
and blue is extraembryonic.
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sim, the germband ectoderm became completely dorsalized,
indicating that the midline is a source of a potent ventral-
izing activity (Vargas-Vila et al. 2010). The potential roles
of the BMP and EGF signaling pathways in ectodermal
patterning have not yet been determined in this organism,
although a role for sog in providing the midline ventraliz-
ing information has been eliminated (Vargas-Vila et al.
2010).

Integrating molecular and classical embryological
understandings of insect DV patterning

Long before the advent of the molecular techniques now
commonly used to understand DV patterning in insects,
physical manipulations such as fragmentation, cautery,
and temperature manipulation of embryos gave many
insights into the nature of insect embryogenesis that fit
well with our emerging molecular understanding of DV
patterning, and suggest that combination of the molecu-
lar and classical embryological approaches will allow a
deeper understanding of how DV patterning mechanisms
can evolve.

One particularly informative set of experiments was
the longitudinal fragmentation of embryos of the camel
cricket Tachycines. When early germbands were split in
half along the ventral midline, these two halves were
each able to regulate and give rise to perfectly propor-
tioned twin embryos within the same egg (Krause 1953).
When embryos were partially fragmented—for example,
where germbands were split only at the anterior—partial
axial duplications occurred only in the regions where the
two halves of the embryo had been separated. Similar
results have been obtained in moths (Krause and Krause
1965) and beetles (Kuethe 1966), among others.

This impressive regulatory capability found in insect
germbands is reminiscent of the ability of vertebrate
embryos to regenerate well-proportioned embryos or
twins upon ligation (De Robertis 2009). Such processes
have been found to depend on self-regulatory feedback
loops of BMP ligands and inhibitors under opposite
transcriptional control (Reversade and De Robertis
2005). Since it has been shown already that BMP signaling
has self-regulatory properties in the Tribolium germband
embryo (van der Zee et al. 2006), it is tempting to spec-
ulate that this property of BMP signaling is used to re-
generate the missing halves of the fragmented cricket
germbands. Interestingly, while some of the critical factors
of the vertebrate BMP self-regulatory system are missing
from the Drosophila genome (e.g., BAMBI, ADMP, Noggin,
and Gremlin), orthologs of these factors are present in the
genomes of more basally branching insect species (Van der
Zee et al. 2008; Shigenobu et al. 2010; Werren et al. 2010; JA
Lynch, unpubl.). It will be interesting to see whether these
genes participate in regulative processes of more basally
branching insect species, and whether the loss of BMP
signaling components is correlated with a reduced regu-
lative capacity in the lineage leading to Drosophila.

Some insect embryos also display significant regulative
capacity prior to the germband stage. For example, longi-
tudinal fragmentation of the leaf hopper Euscelis embryo

at the early blastoderm stage leads to the production
of fully formed embryos in each egg fragment (Sander
1971). More dramatically, prolonged exposure of embryos
of the beetle Atrachya to cold temperatures (;4°C) at the
blastoderm stage leads to the production of up to four
complete germbands within a single egg upon reactivation
at higher temperatures (Miya and Kobayashi 1974). These
results and others like them lead to two conclusions about
the evolution of early blastoderm patterning in insects.
First, it is clear that, at least in some embryos, maternally
derived positional information is not a strict necessity for
establishing the DV axis. In the Euscelis case, the orienta-
tion of the short axis of the egg with regard to the frag-
mentation did not affect the production of twinned em-
bryos, as long as both halves received sufficient amounts
of posterior pole material and enough cleavage nuclei at
the anterior pole. In the case of Atrachya, ectopic germ
rudiments condensed randomly with regard to both the
AP and DV axis. In neither case does it seem likely that
maternal DV asymmetries play a strong instructive role in
patterning the ectopic embryos, leading to the second
conclusion that the early blastoderm DV patterning sys-
tems in these species should have strong self-regulatory
properties that are capable of sensing and amplifying weak
asymmetries to give robust patterns in the end. It will
be interesting to see if the self-regulation arises from
Toll self-regulatory feedback loops such as those found
in Tribolium.

The origin of Toll signaling as a DV
patterning mechanism

To date, most of the analyses of the molecular basis of DV
patterning evolution of insect embryos has been focused
on the regulation and output of the Toll signaling path-
way, as this pathway was identified as being the most
important source of DV patterning information in Dro-
sophila. However, the use of Toll signaling in the process
of DV patterning has been detected only among insects,
while this pathway has a highly conserved role in innate
immunity throughout the Metazoa. This raises the ques-
tions of when in evolution the Toll pathway was recruited
for embryonic DV patterning, and what the nature of the
ancestral DV patterning system that it replaced was. So
far, the use of Toll signaling for DV axis initiation has
been demonstrated only in the holometabolous insects
Drosophila and Tribolium, but preliminary evidence in-
dicates that it also has an important role in the wasp
Nasonia and the bug Oncopeltus (JA Lynch and S Roth,
unpubl.). The broad applicability of pRNAi across insect
phylogeny, including the most basally branching lineages,
should make it relatively straightforward to more precisely
map the origin of the role of Toll in DV patterning in this
clade.

Results from noninsect arthropods indicate that Toll
signaling likely was recruited sometime after the diver-
gence of the insects and their crustacean sister clade. In
the crustacean Parhyale, representing the arthropod sister
clade of the insects, the embryo forms by holoblastic cleav-
age, and the fates of the germ layers seem to be determined
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by cell lineage rather than extracellular inductive signaling
pathways (Price et al. 2010), indicating that Toll signaling
is not used to establish the early DV axis in this organism.
In addition, Toll is unlikely to play a key role in patterning
the embryo of Achaearaenea, where dpp function is re-
quired early to establish both the DV and AP axes, and sog
is required for proper DV patterning of the ectoderm later
in development (Akiyama-Oda and Oda 2006). The high
dependence on the BMP pathway in the spider is sug-
gestive, as this pathway—unlike Toll—has a broadly con-
served role in DV axis establishment and patterning
throughout the Metazoa. It will be interesting to see if a
BMP-based mode of DV patterning was the ancestral state
that was later usurped by Toll within insects.

Conclusion

In order to understand how GRNs change over the course
of phylogeny and in response to specific selective chal-
lenges, a comparative approach combining detailed de-
scriptions of equivalent GRNs and sampling of taxa at
different phylogenetic resolutions will be required. We
propose that insects are an ideal evolutionary entity and
DV patterning is an ideal developmental process with
which to probe the evolution of developmental GRNs.

These practical features of insects as a model clade will
allow a broad and deep dissection of questions relating to
the evolution of embryonic DV patterning GRNs. Ques-
tions of particular interest that remain to be thoroughly
addressed include the following: (1) What were the net-
work changes at the cis-regulatory and protein function
level required to effect the transition from the ancestral
(likely BMP-based) strategy for DV patterning to a pattern-
ing mechanism relying primarily on Toll signaling? (2)
Are there features of DV GRNs that are characteristic of
either long-germ or short-germ embryogenesis? (3) To what
extent can the insights gained from studies on DV pattern-
ing evolution at the species or genus level be extrapolated
to observations made over larger taxonomic distances? (4)
How can DV GRNs adapt to respond to novel embryonic
patterning environments (i.e., changes in egg shape; radical
changes in mode of embryogenesis, such as polyembryony;
or novel external environments to which the embryo must
adapt, such as high, low, or fluctuating temperatures, or
seasonal differences that require embryonic diapause)?

The answers to these and related questions will not
only provide insight into the molecular underpinnings
of the evolution of DV patterning in insects, but also
contribute to a more general understanding of evolution-
ary developmental mechanisms.
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