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SUMMARY

To achieve the “constancy of the wild type,” the developing organism must be buffered against
stochastic fluctuations and environmental perturbations [1]. This phenotypic buffering has been
theorized to arise from a variety of genetic mechanisms [2] and is widely thought to be adaptive
and essential for viability. In the Drosophila blastoderm embryo, staining with antibodies against
the active, phosphorylated form of the Bone Morphogenetic Protein (BMP) signal transducer Mad,
pMad [3, 4], or visualization of the spatial pattern of BMP-receptor interactions [5] reveals a
spatially bistable pattern of BMP signaling centered on the dorsal midline. This signaling event is
essential for the specification of dorsal cell fates, including the extraembryonic amnioserosa [5-7].
BMP signaling is initiated by facilitated extracellular diffusion [4, 8] that localizes BMP ligands
dorsally. BMP signaling then activates an intracellular positive feedback circuit that promotes
future BMP-receptor interactions [5, 6]. Here, we identify a genetic network comprising three
genes that canalizes this BMP signaling event. The BMP target eiger (egr) acts in the positive
feedback circuit to promote signaling, while the BMP binding protein encoded by crossveinless-2
(cv-2) antagonizes signaling. Expression of both genes requires the early activity of the homeobox
gene zerknallt (zen). Two Drosophila species lacking early zen expression have high variability in
BMP signaling. These data both detail a new mechanism that generates developmental
canalization and identify an example of a species with non-canalized axial patterning.

RESULTS

We developed techniques to quantify pMad staining in individual embryos at the onset of
gastrulation (Stage 6) and compare intensities among wild-type embryos and between wild-
type embryos and embryos of a second genotype (Supplemental experimental procedures
and Figures S1A-S1C). pMad staining in wild-type embryos, measured in a 60 micron
region centered at 50% egg length, first appears in a low intensity, broad domain in the
Stage 5 mid-cellularization embryo. By Stage 6, 30 minutes later, pMad staining intensifies
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and refines to a sharp stripe (Figures 1A and 1B) [3-5]. In wild-type embryos, the spatial
extent of pMad staining is highly invariant (Figure 1C). The mean half-maximal width of the
pMad domain, an approximate measure of the steepness of the BMP gradient, is 23.8
microns, SEM 0.98 microns (Figure 1D). The coefficient of variance (o/u) of pMad intensity
at each Dorsal/Ventral (D/V) position is below 0.3 (Figure 1E). These data are in agreement
with previous findings [7] and demonstrate the uniformity of BMP signaling in wild-type D.
melanogaster embryos during dorsal patterning. Posterior to the cephalic furrow, cells with
BMP signaling above a given level (see below) are fated to become extraembryonic
amnioserosa. Amnioserosa cells no longer divide, but instead undergo cycles of
endoreduplication to become a polyploid squamous epithelium. Similar to the spatial
uniformity of the BMP signaling domain, the variability of amnioserosa cell numbers in
wild-type embryos is very low (o/p = 0.07). We then sought to identify genes that canalize
the width and intensity of the BMP signaling domain and subsequent cell fate specification.

The eiger/JNK pathway promotes BMP signaling

BMP transcriptional activity is required for formation of the wild-type BMP signaling
domain, as Stage 6 embryos derived from germline clones of a null allele of Medea, an
obligate BMP transcriptional cofactor, manifest a broad pattern of receptor ligand
interactions [5] and an expanded, low intensity pMad domain (Figures 1F and 1G) with a
mean half-maximal width of 73.6 microns, SEM 11.7 microns. The expansion of the pMad
domain in Medea mutant embryos indicates that one or more BMP target genes are required
for the spatial restriction of BMP signaling.

The Drosophila Tumor Necrosis Factor-a homolog egr [9] has a dynamic dorsal expression
pattern [10] consistent with a BMP target gene: initially, egr is broadly expressed in the
dorsal region of Stage 5 embryos, but is restricted to the dorsal most cells in Stage 6
embryos (Figures 2A and 2B). egr transcription and protein expression in the pregastrula
embryo is dependent on BMP signaling, as both are greatly reduced in a dpp null embryo
and egr transcription is restored by local expression of dpp (Figures 2C-2F). Egr is an
activator of the Jun N-terminal kinase (JNK) pathway, and its activity in two biological
contexts is dependent on the JNK homolog basket (bsk) [9, 11]. The mean intensity of pMad
staining in egr null embryos, or embryos in which maternal bsk activity was disrupted by
germline-specific expression of bsk RNAi (bsk RNAi embryos), is half that of wild-type
embryos (Figures 3A and 3B, S2A and S2B) with minimal variation in pMad intensity
(Figure 3C). However, egr embryos have a significantly expanded mean half-maximal width
of pMad staining of 39 microns, SEM 1.4 microns (Figure S21), indicating a shallowly
graded BMP signaling domain. Taken together with the previous findings showing Egr acts
cell autonomously [11, 12], these data indicate egr is a locally acting component of the
positive feedback circuit necessary for the intensification and refinement of BMP signaling.

Despite decreased intensity of BMP signaling, both egr and bsk RNAi embryos specify
amnioserosa cells in numbers very similar to, or only slightly less than, the wild type
(Figures 3M, S20 and see Supplemental experimental procedures for comparison statistics),
indicating that the level of BMP signaling in wild type is at least double that necessary to
specify the amnioserosa cell fate. The loss of egr/JNK activity can be enhanced by a partial
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reduction in BMP signal transduction, resulting both in a spatial expansion of low levels of
pMad staining, due to a loss of refinement of the signaling domain, and in decreased
amnioserosa cell numbers, due to reduction in the efficacy of BMP signaling (Figures S2D-
S20). Therefore, while egr and JNK activity contribute significantly to wild-type BMP
signaling, additional BMP target genes likely contribute to the positive feedback circuit.

cv-2 antagonizes BMP signaling

We also examined the effect of another dorsally-expressed gene, cv-2, on BMP signaling in
the early embryo. cv-2 encodes a cell-surface BMP binding protein, that can either
antagonize or promote BMP signaling in a dosage and context dependent manner [13, 14].
At high concentrations, relative to BMP receptors, Cv-2 can act as an antagonist, whereas at
lower concentrations it has a positive effect on BMP signaling. Modeling suggests this
duality of Cv-2 allows it to function either as an antagonist ligand sink or an agonistic ligand
source [14]. Zygotic cv-2 is initially expressed in a dpp-independent pattern in the dorsal
40% of the Stage 5 embryo [14, 15] (Figures 21 and 2K), indicating cv-2 is not a component
of the BMP transcriptional feedback circuit. At Stage 6, a distinct, dpp dependent expression
of cv-2 appears in the amnioserosa anlage (arrowhead, Figure 2J).

cv-2 embryos from cv-2 females have a mean peak pMad intensity approximately double
that of wild type (Figures 3D and 3E). pMad intensity in cv-2 embryos has low variability in
peak regions but moderate variability in lateral regions, indicative of a variable expansion of
the signaling domain (Figure 3F). Although in situ analysis indicates there are no uniformly
distributed maternal cv-2 transcripts in the stage 5 embryo [14] (Figure 21), cv-2 is
transcribed in ovarioles (Figure S3A), and gene dosage experiments indicated that both
maternal and zygotic cv-2 activities contribute to the cv-2 phenotype (Figures S3B-S3l1).
While there is evidence, presented below, that Cv-2 can also act as a BMP agonist, the
increased pMad intensity in the absence of all cv-2 activity indicates that Cv-2 acts primarily
as a potent antagonist of BMP signaling in the early embryo.

BMP signaling is decanalized in the absence of egr and cv-2

To characterize the effect of loss of both positive and negative modulators of BMP
signaling, we examined the phenotype of egr cv-2 double mutant embryos. While the mean
intensity of pMad signaling in the double mutant embryos is similar to that observed in wild
type (Figures 3G and 3H), the variability of BMP signaling is extremely high (Figures 3|
and 3N). Specifically, the variability of peak intensity in egr cv-2 embryos is significantly
different from wild type or either single mutant (see Supplemental experimental procedures
for full comparison statistics). The variability in BMP signaling in egr cv-2 embryos
correlates with a significantly increased variability of amnioserosa cell number (Figure 3M).
Thus, while the activity of either egr or cv-2 is sufficient to ensure the invariance of BMP
signaling, the loss of the activities of both genes results in decanalized BMP signaling and
amnioserosa specification during D/V patterning.

As developmental canalization has been proposed to buffer against environmental and/or
genetic variation [1], we wished to determine whether egr cv-2 embryos were more
susceptible to either perturbation. The variability in pMad intensity and amnioserosa
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specification in egr cv-2 embryos raised at 25°C (Figures 31, 3M and 3N) is not further
increased by incubation at either higher (29°C) or lower (18°C) temperatures (Figures S4A—
S4D and S4H). In contrast, maternalheterozygosity for Med!3 in egr cv-2 embryos leads to a
decrease in the average number of amnioserosa cells and a marked increase in the variability
of amnioserosa cell number (Figure S4H), despite an average pMad intensity equivalent to
wild-type embryos (Figures S4E and S4F), and a variability equivalent to that of egr cv-2
embryos (compare Figure 31 to Figure S4G). The increased rate of catastrophe, or failure to
specify any amnioserosa cells, in egr cv-2 embryos carrying an otherwise subliminal Medea
mutation (Figures S2D-S2F and S20) demonstrates that without the activities of egr and
cv-2, embryos are highly susceptible to minor genetic perturbations in BMP signal
transduction. These data suggest that the combined action of egr and cv-2 buffers the
embryo against intrinsic or genetic fluctuations resulting in changes in the efficacy of BMP
signaling.

Pre-gastrula zen is necessary for eiger andcv-2 transcription

Previous work demonstrated that activity of the homeobox gene zen affects Dpp-receptor
interactions prior to gastrulation [5]. zen is initially expressed in a BMP-independent manner
in the dorsal 40% of the blastoderm embryo (Figure 4A) [16, 17]; however, no function has
been attributed to this pre-gastrula zen expression. In contrast, the subsequent BMP-
dependent zen expression [18] (Figure 4B) in the amnioserosa anlage at the onset of
gastrulation has been well documented as necessary for amnioserosa specification [19-21].
We found that stage 5 zen mutant embryos lack transcription of both egr and cv-2 (Figures
2G, 2H, and 2L). Furthermore, the variability of BMP signaling in zen mutant embryos is
much higher than that observed in wild-type embryos (Figure 3L), consistent with its role in
controlling the transcription of both egr and cv-2. Thus, zen and its downstream targets, egr
and cv-2, define a genetic network that confers robustness to BMP signaling during dorsal
pattering (Figure 2M).

zen mutants have elevated BMP signaling

zen mutant embryos also show both a doubling of pMad intensity and a spatial expansion of
signaling as compared to wild-type embryos or egr cv-2 embryos from homozygous mothers
(Figures 3J and 3K). While zen mutant embryos lack zygotic expression of egr and cv-2,
they retain a maternal contribution of Cv-2 protein. The observed increase in pMad intensity
in zen embryos is likely due to an agonistic action of maternal Cv-2 protein. We found that
BMP signaling in egr cv-2 embryos from heterozygous mothers display elevated BMP
signaling compared to egr cv-2 embryos from homozygous mothers (compare Figures S3J
and S3K to Figures 3G and 3H). Thus, low levels of maternal Cv-2 protein can elevate BMP
signaling in the absence of egr.

To confirm the effect of pregastrula zen activity while circumventing the absolute
requirement for later zen in the specification of amnioserosa, we overexpressed egr or an
active form of the INKK hemipterous in a zen/+ background. While embryos of each of the
three single genotypes had wild-type levels of BMP signaling and amnioserosa specification
(Figures SSA-S5F and Table S1), the overexpression of these two constructs in zen/+
embryos caused an increase in pMad intensity and breadth, as well as in the number of
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amnioserosa cells (Figures S5G-S5J and Table S1). Thus, the pregastrula activity of zen
reduces BMP signaling. Notably, however, uniform expression of an activated form of the
Jun homolog, Jra [22], in zen/+ embryos did not expand signaling or increase amnioserosa
specification (Figures S5K and S5L and Table S1), suggesting that the interaction of the
JNK and BMP signaling pathways is not dependent on Jra-mediated transcription, but rather
involves direct phosphorylation of one or more proteins by the JNK Basket.

Drosophila species with non-canalized BMP signaling during D/V patterning

The blastoderm expression of zen in D. melanogaster is controlled by the conserved
Ventral-Repression Element (VRE) 1.6kb upstream of the zen coding region. The VRE
contains activating TAGteam binding sites [23] for the zinc-finger transcription factor Zelda
[24] (Figure S6E). To determine whether early zen expression, and the consequent
canalization of embryonic D/V patterning, is also conserved throughout the Drosophila
lineage (Figure S6A), we first examined the TAGteam sites upstream of the zen gene in
other species. The closely related species D. simulans has four conserved TAGteam sites
(Figure S6F) and displays very low variability in BMP signaling (Figure S6B). Two other
Drosophila species, D. yakuba and D. santomea, have non-conservative changes in the
TAGteam sites (Figure S6F). D. yakuba is found throughout sub-Saharan Africa, while its
sister species D. santomea is endemic to the island of Sdo Tomé [25-27]. Consistent with
the changes in TAGteam sequences, the only detectable zen expression in early Stage 5
embryos of D. yakuba and D. santomea is a faint anterior dorsal band (Figures 4C and 4E).
As a likely consequence, Stage 5 embryos of both species have greatly reduced Egr
expression (Figures 41 and 4K) compared to D. melanogaster (Figure 4G). In contrast, in
Stage 6 embryos of all three species, zen and Egr expression are similar (Figures 4H, 4J, and
4L). Therefore, alteration of the canonical TAGteam sites in the VRE correlates with the
absence of early zen and Egr in D. yakuba and D. santomea.

To determine whether the loss of early zen expression leads to loss of phenotypic
canalization of BMP signaling in these species, we examined pMad-stained Stage 6 embryos
of both D. yakuba and D. santomea. pMad intensity in both species is extremely variable
throughout the signaling domain with the variability of peak pMad intensity significantly
greater than D. melanogaster, indicative of decanalized BMP signaling (Figures 4M—4R,
S6C, and S6D). However, only D. santomea embryos have a high variability in amnioserosa
cell numbers, while the variability of amnioserosa numbers in D. yakuba embryos is
equivalent to that of D. melanogaster (Figure 4V). This indicates D. yakuba amnioserosa
specification is robust to variable BMP signaling input.

The variability in D. santomea amnioserosa specification is not altered by temperature
conditions (Table S2); however, the BMP signaling phenotype and amnioserosa
specification in one wild-caught D. santomea isofemale line (Line 2) supports the hypothesis
that the egr cv-2 network buffers against genetic variation. As in the synthetic D. santomea
line, this isofemale line has high variability of pMad intensity (Figures 4S and 4T).
However, unlike the synthetic line, this isofemale line produced an appreciable (~10%)
number of embryos that completely lacked amnioserosa (Figures 4U and 4V). The
susceptibility to a naturally occurring genetic variant seen in this isofemale line illustrates
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the fragility of this patterning system in the absence of a canalizing mechanism. While is
unlikely that the causative genetic variant remains in the wild population, the existence of
this line, however transient, demonstrates that, in the absence of the stabilizing egr cv-2
activity in D. santomea, deleterious mutations have much stronger phenotypic penetrance.
Therefore, as a decanalized species, D. santomea is rendered more vulnerable to genetic
variation.

DISCUSSION

We have identified a genetic network that acts as a phenotypic stabilizer [28] of a spatially
bistable patterning process. The minimal bistable systems allowed by theory require a non-
linear activation rate and a linear degradation rate [29]. We believe the network we defined
represents the minimal genetic components required for bistability of BMP signaling in D.
melanogaster. In turn, bistability canalizes dorsal patterning. During amnioserosa
specification, egr provides positive feedback, conferring non-linearity, while cv-2 acts as a
linear negative regulator of the signaling pathway. The loss of both components reveals the
inherent noise of facilitated extracellular diffusion of BMP ligands, as, without egr and cv-2,
embryos manifest a huge range of signaling domain breadth and intensity.

Our data also reveal that amnioserosa specification in D. melanogaster is robust on multiple
levels, with different mechanisms ensuring robustness in various Drosophila species. First,
egr or bsk RNAi embryos have normal amounts of amnioserosa and minimal embryonic
lethality despite the two-fold reduction in signaling intensity. This demonstrates that
amnioserosa specification is robust to decreases of BMP signaling and the wild type level of
BMP signaling in D. melanogaster is much higher than that necessary. Second, the D.
melanogaster embryo can tolerate at least a 250% increase [30] or a 20% decrease (Figure
3M) in amnioserosa cell number without compromising viability. Lastly, the variability in
amnioserosa cell number in D. yakuba embryos is equivalent to that in D. melanogaster
embryos, indicating that amnioserosa specification in D. yakuba is robust against variable
BMP signaling intensity. Therefore, in D. yakuba embryos, either less BMP signaling is
required to direct amnioserosa specification, or a second mechanism downstream of BMP
signaling intensity maintains robust amnioserosa specification.

Finally, as a counterpoint to the predicted ubiquity and selective maintenance of
developmental canalization [31], we have identified D. santomea as a non-canalized wild-
type species. D. santomea has both highly variable cell fate specification and is not robust to
genetic variants found in its wild population. The identification of this non-canalized species
may permit further investigation of the evolutionary factors allowing for this diversity in
developmental trajectories.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. BMP signaling in wild-type and Medea germ line clone embryos
(A-B) Dorsal views of heat mapped pMad staining (A) and mean intensity (B) of a Stage 5

and Stage 6 wild-type embryo. All other panels with pMad staining are of Stage 6 embryos.
(C) pMad intensities of individual wild-type embryos and mean intensity plotted across 120
microns of the D/V axis. (D) Width in microns of region of wild-type embryos where pMad
intensity is greater than 50% of peak intensity. (E) Variability (o/y) of pMad staining in the
population of (C) along the D/V axis. (F-G) Representative pMad staining (F) and mean
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intensities (G) of 6 wild-type and 13 Med germ line clone embryos. See Figure S1 for
related data.

Curr Biol. Author manuscript; available in PMC 2015 July 08.

Page 11



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gavin-Smyth et al.

Page 12

A
wt Stage 5 wt Stage 6

-2 MRNA

" BMP

Slgnallng ,3
u cv-2

FIGURE 2. egr and cv-2 expression
Dorsal views of in situ of egr mRNA in Stage 5 (A) and Stage 6 (B) wild-type embryos,

Stage 6 dppH46 (C) and zen’ (G) embryos and in a Stage 6 dpp™46 embryo carrying two
copies of the P{dpp.eve.st2} transgene (E). Dorsal views of heat mapped Egr protein
expression in Stage 6 wild-type (D), dpp4® (F) and zen’ (H) embryos. (I-L) in situ of cv-2
mRNA in Stage 5 (I) and Stage 6 (J) wild-type embryos and in Stage 5 dppH46 (K) and zen’
(L) embryos.
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FIGURE 3. BMP signaling in egr, cv-2, egr cv-2 and zen embryos

(A-L) Representative pMad staining (A,D,G,J), mean intensities (B,E,H,K) and variability
(C,F,1,L) of 6 wild-type and 9 egr embryos (A-C), 8 wild-type and 8 cv-2 embryos (D-F), 7
wild-type and 15 egr cv-2 embryos (G-1), 9 wild-type and 10 zen’ embryos (J-L). (M)
Distribution, mean and standard deviation of amnioserosa cell number in wild-type, egr,
cv-2, and egr cv-2 embryos. (N) Individual traces of pMad intensities of egr cv-2 embryos
with mean intensity (light green). See Figures S2-S5 and Table S1 for related data.
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FIGURE 4. BMP signaling is variable in D. santomea and D. yakuba embryos

(A-L) in situ of zen mRNA (A-F) or anti-Egr (G-L) staining in D. melanogaster (A-B,G-
H), D. santomea (C-D,l-J) and D. yakuba embryos (E-F,K-L). Stage 5 embryos, lateral
view (A,C,E,G,I,K); Stage 6 embryos, dorsal view (B,D,F,H,J,L). Representative pMad
staining (M,P, S), individual and mean traces (N,Q) of pMad intensity and variability
(O,R,T) of 10 D. santomea (M-0), 12 D. yakuba embryos (P-R) and 13 D. santomea
Isofemale Line 2 embryos (S, T). (U) Lateral views of D. santomea Isofemale Line 2
embryos stained with anti-Dorsocross?2 to identify amnioserosa cells. The top embryo
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completely lacks any amnioserosa, while the bottom embryo has a normal number of
amnioserosa cells. (V) Distribution, mean and standard deviation of amnioserosa cell
number in D. yakuba and D. santomea Synthetic 2005 lines, and D. santomea Isofemale line
22005 embryos. See Figure S6 and Table S2 for related data.
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