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SUMMARY

Animal embryos are patterned by a handful of highly conserved inductive signals. Yet, in most cases, it is un-
known which pattern features (i.e., spatial gradients or temporal dynamics) are required to support normal
development. An ideal experiment to address this question would be to “paint” arbitrary synthetic signaling
patterns on “blank canvas” embryos to dissect their requirements. Here, we demonstrate exactly this capa-
bility by combining optogenetic control of Ras/extracellular signal-related kinase (ERK) signaling with the ge-
netic loss of the receptor tyrosine-kinase-driven terminal signaling patterning in early Drosophila embryos.
Blue-light illumination at the embryonic termini for 90 min was sufficient to rescue normal development,
generating viable larvae and fertile adults from an otherwise lethal terminal signaling mutant. Optogenetic
rescue was possible even using a simple, all-or-none light input that reduced the gradient of Erk activity
and eliminated spatiotemporal differences in terminal gap gene expression. Systematically varying illumina-
tion parameters further revealed that at least three distinct developmental programs are triggered at different
signaling thresholds and that the morphogenetic movements of gastrulation are robust to a 3-fold variation in
the posterior pattern width. These results open the door to controlling tissue organization with simple optical
stimuli, providing new tools to probe natural developmental processes, create synthetic tissues with defined

organization, or directly correct the patterning errors that underlie developmental defects.

INTRODUCTION

During animal development, the embryo is patterned by gradi-
ents of protein activity that define cells’ positions along the
body axes and within developing tissues [1]. In recent years,
many developmental patterns have been characterized in pre-
cise quantitative detail in individual embryos [2-4]. Yet in nearly
every case, it remains unknown which features of signaling pat-
terns carry essential information: the instantaneous protein con-
centration; the area under the curve; or the total duration of
signaling above a threshold. The quantity of information con-
tained in a single pattern also remains mysterious: how many
distinct levels are read out by the genetic networks that serve
as signal interpretation systems and how long does it take to
transfer this information?

To address these questions, we envisioned an idealized
experiment to better define the information contained in a devel-
opmental pattern (Figure 1A) [5]. First, one might prepare mutant
embryos in which a specific signaling pattern is completely elim-
inated. On this background, one might then apply a synthetic
signaling pattern, varying features such as its shape, intensity,
or duration and monitoring the capability of each to rescue the
developmental process. Although such an experiment has his-
torically been intractable, we reasoned optogenetic control
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over cell signaling opens the door to exactly this capability. An
appropriately tailored light input could be used to produce
any spatiotemporal signaling pattern, enabling a biologist to
test for the minimal features required to support proper develop-
ment or allowing a bioengineer to apply non-natural stimuli to
implement novel tissue architectures or morphogenetic pro-
grams [5-7].

We thus set out to perform an optogenetic rescue of terminal
signaling, the first pattern of receptor tyrosine kinase (RTK) activ-
ity during Drosophila embryogenesis [8]. Terminal signaling is
orchestrated by localized activation of the RTK Torso (Tor) by
its ligand Trunk (Trk) at the embryonic anterior and posterior
poles (Figure 1B). Quantitative studies of terminal signaling in in-
dividual embryos have revealed a reproducible terminal-to-inte-
rior gradient that is dynamically established over a 2-h window in
early embryogenesis [9]. This gradient is essential: embryos from
mothers lacking Tor, Trk, or the required co-factor Torso-like
(Tsl) completely lack a terminal signaling gradient and are defec-
tive in a wide variety of anterior- and posterior-localized pro-
cesses, including the formation of mouth parts and tail struc-
tures, the differentiation of many endoderm-derived tissues,
and the ability to coordinate tissue movements during gastrula-
tion [10, 11]. Yet the nature and quantity of information contained
in the terminal pattern are still unclear. The naturally observed
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See also Figure S1.

gradient of Tor activity leads to expression of the two classic ter-
minal gap genes Tll and Hkb in distinct but overlapping domains,
supporting the notion that spatiotemporal variations in pathway
activity play an important role [12-14]. On the other hand, semi-
nal prior work demonstrated that many features of the terminal
loss-of-function phenotype could be rescued by supplying
rather crude sources of activity, for example, by injection of tor
RNA or constitutively active Ras protein at the poles [15, 16].
The precise requirements for a rescuing terminal pattern thus
remain to be defined.

Here, we report rescue of the full Drosophila life cycle from Op-
toSOS-trk embryos that completely lack receptor-level terminal
signaling but whose Ras/Erk signaling can be controlled with
light. llluminated OptoSOS-trk embryos develop normal head
and tail structures, gastrulate normally, hatch, metamorphose,
mate, and lay eggs. Full phenotypic rescue is possible despite
the use of simple all-or-none light inputs that limit the graded in-
formation contained in the terminal pattern, for example, elimi-
nating expression differences in reporters of the terminal gap
genes tll and hkb. We define the lower essential limits of terminal
signaling, demonstrating that at least three distinct develop-
mental switches are triggered at successively increasing illumi-
nation thresholds. Our study thus demonstrates that Ras activa-
tion by Son of Sevenless (SOS) is sufficient to recapitulate all the
essential features of receptor tyrosine kinase signaling at the em-
bryonic termini. It also suggests the spatial gradients of Erk ac-
tivity normally observed at the termini are not required, at least
in the presence of the embryo’s additional sources of anterior-
posterior positional information. These data provide a first step
toward defining the essential information contained in develop-
mental signaling patterns and open the door to optically pro-
gramming cell fates and tissue movements with high precision
in developing tissues.

RESULTS

Light-Controlled Terminal Signaling Rescues Normal
Development

We first set out to establish a genetic background where light
could be used as the sole source of Erk activity at the embryonic
termini, so that its ability to rescue subsequent development
could be assessed. Two attributes make terminal signaling an
ideal system for optogenetic rescue. First, all three components

of the Trk-Tor-Tsl receptor/ligand system are maternal-effect
genes [10], so flies that are homozygous null for any of the three
genes develop normally, provided that the gene products are
maternally deposited in the egg to produce the terminal pattern.
Thus, in principle, one may be able to rescue the organism’s full
life cycle by replacing this single developmental pattern with
light. Second, we previously developed the OptoSOS optoge-
netic system for control over Ras/Erk signaling, a key down-
stream effector pathway of terminal signaling, in contexts
ranging from cultured mammalian cells [17, 18] to the Drosophila
embryo [19, 20]. In this system, a switch from darkness to light
induces SOS membrane localization within seconds, followed
by Erk activation and expression of Erk-dependent target genes
(e.g., tll in the case of the early Drosophila embryo; see [19]),
whereas a switch to darkness triggers a rapid reversal of this pro-
cess, returning Erk activity and gene expression to their base-
lines also on a timescale of minutes [17, 21, 22]. OptoSOS is ideal
for attempting light-based rescue because it activates Ras
downstream of receptor-level stimulation (Figure 1B) and can
thus be combined with mutations targeting receptor-level
signaling to place terminal Ras/Erk signaling solely under opto-
genetic control [23]. Indeed, in preliminary experiments
comparing embryos harboring loss-of-function perturbations
targeting receptor/ligand signaling (trk and ts/ loss-of-function
mutants and a Tor RNAi line; Figures S1 and 1A), we found
that OptoSOS-expressing embryos produced from trk' mothers
lack all endogenous terminal signaling activity [24], but when
placed under uniform blue light, these embryos exhibit pheno-
types associated with strong gain-of-function terminal signaling
[19]. We thus focused on these “OptoSOS-trk” embryos for sub-
sequent experiments.

We next set out to determine whether applying light to Opto-
SOS-trk embryos would be sufficient to restore various embry-
onic structures that are dependent on terminal signaling and, if
so, which features of the stimulus might prove to be essential.
We began with a simple light stimulus: binary, all-or-none illumi-
nation of the anterior or posterior pole. We matched the light
stimulus duration (90 min), spatial range (roughly 15% of the em-
bryo’s length), and intensity level (one pulse every 30 s) to
roughly match the parameters observed for doubly phosphory-
lated Erk during endogenous terminal signaling, which we
quantified here (Figure S2) and in a prior study [4]. Such an opto-
genetic stimulus should eliminate both the complex temporal
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Figure 2. Light-Controlled Terminal Signaling Rescues Normal Development

(A and B) Cuticle preparations from embryos that were illuminated for 90 min at the anterior-most 15% of the embryo (in A) or posterior-most 15% of the embryo
(in B) with 0.6-s pulses of saturating blue light delivered every 30 s. Head structures, the 8" abdominal segment, and tail structures (marked “T”) are formed
normally in wild-type embryos (left images) and are truncated or absent in embryos lacking terminal signaling (middle images) but are rescued after 90 min of

illumination at the appropriate pole (right images).

(C) Still images from DIC time-lapse videos of gastrulation in wild-type embryos, OptoSOS-trk embryos without illumination, and OptoSOS-trk embryos illu-
minated at both poles. Highlighted regions mark posterior midgut invagination (yellow) and germband elongation (red).

(D) Complete rescue of OptoSOS-trk animal development by 90 min illumination at both the anterior-most and posterior-most 15% of the embryo with 0.6-s
pulses of saturating blue light delivered every 30 s. Embryos hatch, eclose, and mate. The embryos produced by female light-rescued flies exhibit the trk mutant
phenotype (red arrows). All embryos in the figure are oriented with anterior to the left and ventral downward.

See also Figure S2, Tables S1 and S2, and Video S1.

dynamics and spatial gradient of the endogenous terminal
pattern. Yet even this simple all-or-none light stimulus, delivered
to the anterior pole, was sufficient to restore head structures that
were indistinguishable from those in wild-type embryos (Fig-
ure 2A; see Table S1 for number of embryos with rescued phe-
notypes). Similar results were obtained upon posterior illumina-
tion, which was sufficient to restore the formation of tail
structures, such as posterior spiracles, as well as the 8" abdom-
inal segment (Figure 2B).

To assess the rescue of other terminal signaling-dependent
processes that are difficult to individually monitor, we applied
similar all-or-none light patterns at both embryonic termini and
visualized the remainder of their development by differential
interference contrast (DIC) microscopy (Figure 2C). Approxi-
mately 30% of the embryos illuminated in this manner were
able to gastrulate normally, complete the remainder of embryo-
genesis, and hatch from the imaging device (Video S1). We
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collected larvae that hatched on the microscope and maintained
them in standard tubes, where they proceeded normally through
each instar, pupated, and produced normal adult flies (Fig-
ure 2D). Finally, we reasoned that optogenetically rescued fe-
male adult flies produced in this manner should still be trk null,
so the embryos produced by these females should still harbor
phenotypes consistent with the maternal loss of terminal
signaling. Indeed, all embryos laid from light-rescued mothers
failed to hatch, and cuticle preparations revealed the trk pheno-
type in all progeny (head defects; absence of the 8" abdominal
segment and tail structures; Figure 2D). Taken together, these
data confirm the optogenetic rescue of terminal signaling in
Drosophila embryogenesis. Simple synthetic signaling patterns,
generated by local blue light illumination, were thus sufficient to
overcome lethal defects in body segmentation, tissue morpho-
genesis, and cell differentiation to restore the entirety of the
fly’s life cycle.
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Optogenetic Stimulation Eliminates Differences in
Terminal Gap Gene Expression Domains

Our optogenetic stimulation experiments relied on all-or-none
light inputs, stimuli which we previously found to result in pre-
cise, subcellular spatial control over SOS membrane recruitment
in the early Drosophila embryo [20]. However, many processes
may still act to blur these precise inputs into a spatially graded
response (e.g., light scattering, diffusion of active components
of the Ras/mitogen-activated protein kinase [MAPK] pathway
within the syncytial embryo, or other gradients of gene expres-
sion along the anterior-posterior axis that might modulate the ac-
tivity of the terminal signaling pathway). We thus set out to quan-
tify the spatial distribution of Erk activity and downstream gene
expression in response to the same all-or-none light stimulus
used in our optogenetic rescue experiments. To circumvent
the challenge of fixing and staining individual locally illuminated
embryos, we relied on live-cell fluorescent biosensors to mea-
sure Erk activity and gene expression with high spatiotemporal
resolution.

To measure Erk activity, we turned to a recently developed
biosensor, miniCic, that translocates from the nucleus to cytosol
upon phosphorylation by Erk in Drosophila (Figure S3A) [25]. We
generated embryos that co-expressed miniCic-mCherry and the
OptoSOS system (STAR Methods) and verified that this system
could indeed be used in the early embryo by visualizing the
endogenous terminal signaling gradient (Figure S3B). We then
locally illuminated embryos and quantified nuclear miniCic as a
function of position from the edge of our illumination pattern (Fig-
ures S3C-S3F). As a control, we quantified nuclear miniCic from
the embryo’s poles along the endogenous terminal gradient. We
fitted Hill curves to each embryo’s nuclear miniCic intensity as a
function of position to measure the distance over which Erk was
active as well as the steepness of its on-to-off switch (Figures
S3G and S3H). We found that light could be used to trigger pat-
terns on a shorter length scale than the endogenous gradient:
miniCic localization returned to baseline within 60 pm from the
edge of the illuminated region versus extending 120 um from
the termini in the endogenous pattern (Figure S3G). Light also re-
sulted in a steeper on-to-off switch, measured by the distance
over which miniCic localization switched from 10% to 90% of
its baseline nuclear intensity (Figure S3H). Our approach likely
over-estimates the sharpness of the endogenous pattern, as ki-
nase biosensors are typically quite sensitive and can become
saturated at sub-maximal levels of pathway activity [26], leading
a shallow, high-amplitude gradient of Erk activity [4] to be clip-
ped at the biosensor’s maximum value and thus appear to switch
over a shorter range than the true activity gradient.

We next set out to characterize the spatial patterns of two Erk-
dependent target genes, tll and hkb, that act to specify terminal
cell fates and which are normally expressed in distinct domains.
Prior studies revealed that t/l is normally expressed over a
broader range than hkb [20, 27, 28], a finding that is consistent
with activation of t/l by lower levels of active Erk [13, 19]. We
generated embryos that expressed a fluorescent MS2 coat pro-
tein (MCP) and where either the tll and hkb upstream regulatory
sequences drove expression of MS2-tagged mRNAs, in genetic
backgrounds with normal terminal patterning or a variant of our
optogenetic rescue system (OptoSOS-ts/; STAR Methods; Fig-
ure 3A; Video S2) [21]. Imaging the endogenous terminal pattern
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revealed distinct domains of tll and hkb transcriptional foci as ex-
pected, with tll expressed earlier (nuclear cycle 11 [NC11] to
early NC14) and over a broader domain and hkb expressed pri-
marily during NC13 to NC14 and localized more tightly at the
poles (Figure 3A, right panels; see Figure S3l for quantification
over time). These distributions of RNA production were in good
agreement with previously measured distributions of total ¢/
and hkb RNA [20].

In contrast, stimulating OptoSOS-ts/ embryos under the same
all-or-none illumination conditions previously used for optoge-
netic rescue (0.6-s pulses every 30 s to the anterior-most and
posterior-most 15% of individual embryos) produced a different
result (Figure 3B). In this case, the expression domains for t/f and
hkb more closely matched one another in induction timing and
spatial range. Both reporters exhibited transcriptional bursts in
response to light that appeared between NC10 and NC13,
increasing in NC14 until gastrulation (Figures 3B and S3J). The
spatial distribution of gene expression was also similar across
both reporters and resembled the broad distribution of the
endogenous tll pattern (Figure 3C). We quantified the boundary
of gene expression from the posterior pole in multiple light-stim-
ulated embryos, which confirmed our observations and also re-
vealed that terminal gene expression extended some tens of mi-
crometers beyond the edge of the illumination pattern, just as
had been observed for miniCic nuclear export (Figure 3D). No
terminal gap gene expression was observed in control, dark-
incubated OptoSOS-ts/ embryos (Figures S3K and S3L).

Taken together, our data indicate that our all-or-none “rescue
stimulus” also substantially reduces the amount of graded infor-
mation contained within the terminal pattern. Most crucially, it
eliminates major differences in the spatial domains and timing
for reporters of tll and hkb, two target genes thought to mediate
the majority, if not the entirety, of the embryo’s response to ter-
minal signaling. Although some caution must be used in inter-
preting transcriptional reporters of regulatory regions, these re-
porters match the endogenous domains of tll and hkb
expression and are activated only in response to OptoSOS stim-
ulation, suggesting that at least Erk-dependent responses are
intact and accurate. Importantly, quantification of Erk activity
and transcriptional responses revealed that even our sharp,
localized light stimulus is blurred tens of micrometers in the
context of the embryo, suggesting that graded information is
reduced, but not perfectly eliminated, by our optogenetic stim-
ulus. Because the patterns of Erk activity and gene expression
extend substantially further from the edge of the illumination
pattern than the sharp boundaries of SOScat membrane recruit-
ment [20], they likely do not represent light scattering but rather
reflect downstream intracellular processes, such as signal prop-
agation through the cytosolic MAP kinase cascade [29] or cyto-
solic flow during syncytial nuclear division cycles [30].

At Least Three Levels of Terminal Signaling Trigger
Distinct Developmental Programs

The rescue of all anterior and posterior tissue responses by a sin-
gle all-or-none light pattern is consistent with two different
models of terminal cell fate choice. First, Erk activity may be
sensed by a single downstream program that triggers all terminal
processes as pathway activation crosses a single threshold [16].
Alternatively, individual terminal processes may be rescued one
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Figure 3. Light Stimulation Eliminates Spatiotemporal Differences in Terminal Gap Gene Expression

(A and B) Images are shown of OptoSOS embryos (in A) and OptoSOS-ts/ embryos (in B) expressing MCP-mCherry and harboring MS2 stem loops driven by the tif
or hkb upstream regulatory sequences (magenta and green, respectively). Embryos are oriented with posterior pole to the left. Images are maximum intensity
projections across all z-frames and time points during the indicated nuclear cycles, with transcriptional foci marked with colored circles. In (B), 0.6-s pulses of

saturating blue light were delivered every 30 s to the shaded region. Scale bar, 50 pm.

(C) Histogram showing the spatial distribution of transcriptional foci for tl/ (left panel) and hkb (right panel) for the endogenous gradient (embryos as in A; gray) and
light stimulation (embryos as in B; blue). Each curve represents data pooled from at least three embryos.

(D) The spatial extent of gene expression for tl/l and hkb was measured for the endogenous pattern (left bars) and light stimulation (right bars) for the same embryos
quantified in (C). Dotted blue box shows extent of illumination. Mean + SEM is shown for at least three embryos.

See also Figure S3, Table S2, and Video S2.

by one as the signaling input crosses distinct fate-specific
thresholds [13]. To distinguish the number of cell-fate switches
and identify their thresholds, we set out to map terminal pheno-
types in response to variations in the strength optogenetic stim-
ulus (Figure 4; see Table S1 for number of embryos with rescued
phenotypes). Optogenetic control is also ideally poised to further
distinguish what feature of an input signal is sensed—its level,
duration above a threshold, or the total dose (i.e., intensity x

3418 Current Biology 30, 3414-3424, September 7, 2020

time)—and we indicate which is varied in each experiment that
follows.

We started with a brief light input —a single 5-min bolus of global,
continuous illumination —reasoning that it would be much shorter
than the 20- to 90-min periods of Erk activation that are typically
triggered by RTK activation [31-34] and thus likely below the lower
limit of detection by downstream phenotypic programs. Indeed,
the 5-min pulse did not disrupt the development of a majority of
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Figure 4. Three Durations of Terminal Signaling Trigger Distinct Developmental Programs

(A) The fraction of normal tail structures was quantified from embryos incubated in the dark, stimulated globally with a single 5-min bolus of saturating blue light
(“5¢ pulse”) or 1-s pulses of saturating blue light every 120 s (“dim”; see Figure S1B for quantification of Erk activity at similar light doses).

(B) The fraction of embryos with 8 abdominal segments was quantified from embryos incubated in the dark, subjected to a global 5-min bolus of saturating blue
light (5¢ pulse) or illuminated for 20 min at the posterior-most 15% of the embryo with 0.6-s pulses of saturating blue light every 30 s.

(C) Posterior tissue movements during gastrulation were scored by differential interference contrast (DIC) imaging of embryos illuminated at the posterior pole.
(D) Developmental sequence of terminal phenotypes rescued in response to 0.6-s pulses of saturating blue light delivered every 30 s to the embryo’s anterior-
most 15% (“anterior”) or posterior-most 15% (“posterior”) or in response to 1-s pulses every 30 s delivered to the entirety of the embryo (“global”). The stimulus

duration, spatial position, developmental phenotype, and a representative image are shown (OptoSOS-trk gastrulation and head structure images reproduced
from Figures 2A and 2C). Embryos are oriented with anterior to the left and ventral downward.

See also Figure S4 and Tables S1 and S2.

OptoSOS embryos with wild-type terminal signaling, indicating
that it was below the threshold for triggering substantial gain-of-
function developmental defects (Figure S4A). However, we found
that even this brief, uniform pulse of light was sufficient to restore
tail structures in a majority of OptoSOS-trk embryos without
altering other developmental programs (Figure 4A; Table S1). Tail
structures were rescued even more efficiently by limiting the
5-min pulse to a narrower stimulation window of 90-150 min
post-fertilization (Figures S4B and S4C), presumably correspond-
ing to a period in which terminal gap gene expression can be trig-
gered most efficiently (Figures 3A and 3B).

We next tested whether tail formation could also be driven by
weaker inputs delivered over a longer time period and subjected

embryos to 1-s pulses delivered every 120 s, a light intensity that
results in less than 10% of the maximal Erk activity presented by
the endogenous terminal gradient (Figure S2). Indeed, we found
that equivalent rescue was obtained in response to either constant,
low-intensity illumination or a brief, high-intensity pulse (Figure 4A).
Together, these experiments reveal a set of remarkable require-
ments for a developmental cell fate choice: tail structure formation
absolutely requires Ras/Erk signaling but is triggered at an
extremely low total stimulus dose. Moreover, tail structures are
rescued at the appropriate posterior position even by global illumi-
nation, a stimulus that does not contain any spatial information.
As we progressively increased the duration of illumination at
the anterior or posterior pole, using 0.6-s pulses of saturating
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blue light every 30 s, we observed that additional developmental
processes were rescued in a well-defined sequence. The 8"
abdominal segment was restored as the posterior light stimulus
was increased to 20 min (Figure 4B), whereas normal gastrula-
tion movements were only restored above 45 min of posterior
illumination (Figure 4C). A similar 45-min pulse was also required
at the anterior pole for the formation of head structures. We thus
conclude that Ras/Erk activity is interpreted into at least three all-
or-none developmental programs with duration thresholds
spanning nearly an order of magnitude (5-45 min), at a stimulus
intensity that drives comparable Erk phosphorylation to the
endogenous maximum terminal level (Figure 4D; Table S1). Our
data are strongly diagnostic of a multiple-threshold model of
terminal signal interpretation: we find that increasing the total
duration of light stimulation triggers distinct developmental
processes in a well-defined order. Furthermore, in at least two
cases, it appears that there is a correspondence between vary-
ing light intensity and duration, such that the phenotypic
response would depend on the total dose of terminal signaling:
tail formation (Figure 4A) and posterior midgut differentiation
[13]. Importantly, the multiple-threshold model does not conflict
with our prior observation of optogenetic rescue by a single, 45-
min light stimulus. That is because mutant phenotypes appear to
be restored in a cumulative fashion, so a given light stimulus res-
cues all developmental processes that are triggered at thresh-
olds at or below this level.

Gastrulation Movements Are Robust to Variation in the
Spatial Range of Terminal Patterning

The preceding experiments define the temporal requirements for
terminal signaling, but what rules govern its permissible spatial
parameters? We can again envision two extreme models. First,
it is possible that only a highly restricted range of spatial pattern
widths can support normal development, by balancing the pro-
portion of cells committed to terminal and non-terminal fates.
At the other extreme, many different spatial patterns could funnel
into a proper developmental outcome [35], resembling the toler-
ance to variation in the bicoid morphogen gradient as gene
dosage is varied [36] or the Shh gradient in the neural tube of
Gli3™~ mice [37].

To test these possibilities, we varied the spatial domain of ter-
minal signaling at our standard illumination intensity (0.6-s light
pulses delivered every 30 s) and monitored a model develop-
mental response: tissue morphogenesis during gastrulation. Ter-
minal signaling at the posterior pole drives formation of posterior
midgut (PMG), which invaginates and moves across the em-
bryo’s dorsal surface during germband elongation (GBE). GBE
is thought to be driven both by a combination of “pushing” by
cell intercalation at the ventral tissue (Figure 5A, red) and “pull-
ing” by invagination of the posterior endoderm itself (Figure 5A,
yellow) [38, 39]. Embryos derived from trk mutant mothers
completely fail both PMG invagination and GBE, leading to buck-
ling of the elongating tissue along the embryo’s ventral surface
[10] (Figure S5A). Consistent with this requirement, we found
that PMG invagination and GBE were absent in dark-incubated
embryos as well as over 90% of embryos that were illuminated
only at the anterior pole (Figure S5B).

We proceeded to systematically vary the width of posterior
pattern and measured both the perimeter of the PMG and the
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maximum extent of GBE, comparing each to wild-type embryos
as controls. We found that the size of the posterior invagination
scaled linearly in proportion to the illumination width (Figure 5B),
with illumination regions up to 150 um inducing the formation of
posterior invaginations more than twice the maximum observed
in wild-type embryos (Figure 5A, right). Yet despite the different
proportion of terminal versus non-terminal tissue, the mechani-
cal processes of gastrulation were broadly unaffected, with
PMG invagination and germband elongation proceeding nor-
mally (Video S3). Quantitative analysis of the DIC videos indi-
cated that germband elongation was indistinguishable from
wild-type controls as the light pattern was varied over a 3-fold
range, from 8% to 24% of the egg’s length (Figures 5C and
S5C). This result may partially explain the ease with which we ob-
tained an optogenetic rescue even with imprecise illumination
patterns. Furthermore, the ability to trigger morphogenetic
movements at any spatial positions of interest will likely make
OptoSOS-trk embryos a rich resource for informing and
challenging models of tissue morphogenesis, along with other
recent optogenetic tools for guiding tissue morphogenesis in vivo
[40, 41].

DISCUSSION

Here, we demonstrate that a developmental signaling pattern
can be erased and replaced with a synthetic, patterned stimulus.
Our approach relies on the tools of cellular optogenetics: unlike
pharmacological or genetic perturbations, light can be applied
and removed quickly, focused with high spatial precision, or
shaped into arbitrary spatial patterns. We found that a simple
all-or-none blue light stimulus, delivered to the embryonic
termini, is sufficient to convert a lethal loss-of-function pheno-
type to rescue the full Drosophila life cycle: embryogenesis;
larval development; pupation; adulthood; and fecundity.

Our optogenetic rescue result provides two immediate in-
sights into the interpretation of developmental RTK signaling.
First, we find that recruiting the catalytic domain of SOS to
the plasma membrane recapitulates all the essential develop-
mental functions of Tor receptor tyrosine kinase signaling at
the embryonic termini. This complete molecular sufficiency is
non-obvious: we previously showed in mammalian cells that
OptoSOS recruitment bypasses many intracellular pathways
that are normally activated by RTKs (e.g., phosphatidylinositol
3-kinase [PI3K], Src, c-Jun N-terminal kinase [JNK], and
glycogen synthase kinase 3 beta [GSK38]) [17], some of which
have been suggested to play roles in early Drosophila embryo-
genesis [42]. Nevertheless, our results are consistent with prior
RNA sequencing (RNA-seq) data showing broad overlap be-
tween OptoSOS-stimulated and RTK-driven gene expression
[22] and the observation that activating Ras pathway mutations
are genetic suppressors of Tor partial loss-of-function
alleles [43].

Second, our data suggest that the normally observed gradient
of terminal signaling, resulting in spatially distinct domains of
target gene expression, is not absolutely required for proper
development. In support of this statement, our all-or-none
rescue stimulus elicits a sharp boundary of OptoSOS membrane
translocation [20], generates a steeper on-to-off switch in Erk ac-
tivity than the endogenous terminal gradient (Figure S3), and
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Figure 5. Tissue Morphogenesis Is Robust to Variations in Terminal Pattern Width

(A) Images of gastrulating wild-type embryos and OptoSOS-trk embryos stimulated with different illumination widths at the posterior pole with 90 min of 0.6-s
pulses of saturating blue light delivered every 30 s. Yellow highlighted regions indicate posterior endoderm invagination, which expands as illumination width is
increased. Red highlighted regions indicate the elongating germband tissue, which buckles in loss-of-function (LOF) embryos.

(B and C) Quantification of posterior endoderm perimeter (B) and germband elongation length (C) as a function of the illumination width from the posterior pole. For
some embryos (yellow triangles), posterior contraction was so large as to completely disrupt germband elongation, a classic gain-of-function (GOF) phenotype.
For others (red squares), no posterior contraction occurred, leading to LOF failure to extend a germband at all. For both (B) and (C), the shaded region indicates
the normal wild-type size (mean + 95% confidence interval), quantified from 27 wild-type embryos.

See also Figure S5, Table S2, and Video S3.

substantially reduces differences in the expression kinetics and
spatial distribution for reporters of the terminal gap genes tlf
and hkb (Figure 3). The sufficiency of even coarse terminal pat-
terns has been long suggested by classic experiments in which
the Torso receptor or constitutively active Ras allele was injected
at the termini of tor embryos, partially rescuing terminal pro-
cesses [15, 16]; our data extend these early studies by quanti-
fying the resulting patterns of gene expression and demon-
strating the coarse input’s sufficiency for complete phenotypic
rescue. However, even though a simple all-or-none pattern is
enough to rescue, our data do not indicate that terminal signaling
functions as a single all-or-none switch. Instead, we find that
distinct developmental events are triggered at vastly different
durations of Erk signaling, from rescue of tail structures with as
little as 5 min of stimulation to head structures and gastrulation
movements only above 45 min. It is more likely that terminal pro-
cesses operate as a series of switches with variable sensitivity,
with stronger stimuli rescuing all phenotypes at or below that
threshold.

How can such a simple stimulus pattern be reconciled with
proper development? In wild-type embryos, terminal signaling
triggers expression of the terminal gap genes TIl and Hkb in
distinct domains, with TIl appearing earlier and extending further
from the poles than Hkb [13]. Our optogenetic stimulus eliminates
these differences, widening the expression domain of an hkb re-
porter to approximately match that of its t/l counterpart. There is
no reason to expect that this optogenetic scenario would prevent
Tl and Hkb from playing their independent roles at the termini
(e.g., TIl triggers posterior midgut invagination; Hkb represses
Snail to block ventral furrow extension; Tll and Hkb each repress
abdominal gap genes and specify endoderm cell fates) [28, 44—
46]. Supporting this notion of robustness to the terminal signaling
pattern, we previously found no decrease in embryo viability when
light activation was added on top of the endogenous terminal
pattern [20]; here, we further show that gastrulation movements
are robust to variations in the spatial range of illumination (Fig-
ure 5). However, our data suggest that one important feature of
the endogenous pattern would be entirely absent in light-rescued

Current Biology 30, 3414-3424, September 7, 2020 3421




¢? CellPress

embryos: a terminal domain with high levels of Tll but low levels of
Hkb [47, 48]. How light-rescued embryos compensate for loss of
this “Tll and not Hkb” signal, perhaps using other sources of ante-
rior-posterior positional information, is an interesting question for
future study [49]. This open question also reflects a broader chal-
lenge: we still lack a clear picture of the genetic circuits that
decode developmental Erk signaling [50]. We expect that the
approach we have taken here—combining controlled optogenetic
stimulation with live-cell transcriptional imaging—could be
applied to additional genes in the terminal response program to
clearly define their signaling requirements in space and time.

It is also important to note that light-based rescue is far from
perfect, with approximately 30% of embryos hatching after illu-
mination. This loss in viability is likely to arise from both experi-
mental and biological sources: challenges in reproducibly align-
ing embryos to the light pattern, leading to some error in the
angle and extent of illumination at the termini; the procedure of
mounting embryos in our imaging device for the entirety of
embryogenesis; a loss of fitness from our simple all-or-none
stimuli compared to the endogenous pattern; and the loss of par-
allel signaling pathways downstream of the Torso RTK that are
bypassed by light-activated Ras. We anticipate that further ad-
vances in combining precise optical stimulation with non-inva-
sive imaging will help to quantitatively determine how much
each of these differences explains the increased lethality of our
optogenetic stimulus relative to wild-type embryos.

There is considerable current interest in defining the rules that
govern morphogenesis and patterning, both in vivo during em-
bryo development and in engineered organoid-based systems.
The optogenetic approaches defined here represent a first
step toward the delivery of light-based programs to specific cells
of interest within multicellular tissues. We find that even coarse
synthetic signaling patterns can support normal tissue develop-
ment and morphogenetic movements, suggesting that the tools
of optogenetics and synthetic biology will likely be useful for
generating developmental patterns that retain most or all of their
essential functions [6, 51]. These capabilities could open the
door to unprecedented control over developmental processes
in both natural and synthetic multicellular systems.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jared
Toettcher (toettcher@princeton.edu).

Materials availability
This study did not generate new reagents.

Data and code availability
All data and code is readily available upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila melanogaster stocks

Transgenic UAS-optoSOS flies were produced as described previously [20] by fC31-based integration at either CH 11l 68A4 or CH Il
25C6 and are driven maternally using P(mata-GAL-VP16)mat15 (67;15) for all experiments [52]. For rescue experiments the following
LOF lines were used: trk', where a premature stop codon prevents production of a functional protein [10, 54]; Torso RNAi
(P{TRiP.HMJ22419}attP40) [53]; and the ts/®®' hypomorphic allele [55]. The trk" and ts/ lines were recombined with the optoSOS/
67;15 lines to create the lines used for the rescues. The miniCic-OptoSOS embryos were generated by recombination with OptoSOS
CH2 with miniCic [25] as well as 67;15 with miniCic, thus producing miniCic-optoSOS/miniCic-67;15/+ mothers.

For the MS2-MCP experiments, mCherry-MCP Ch lll flies [56] were recombined with the OptoSOS-trk line. After crossing these
flies with the 67 trk'; 15 flies, virgin females were then crossed males harboring the corresponding MS2 construct. The tlI-MS2
construct was produced as described in a recent paper [21]. Similarly, to generate the hkb-MS2 reporter, the hkb0.4 enhancer
sequence was amplified from pCaSpeR-hs43-lacZ [57] via PCR. The resulting fragment was then inserted in the pBphi-evePro-
moter-24X MS2-yellow vector [58] via Gibson assembly. Transgenic lines carrying the hkb0.4-MS2 construct were generated by
phiC31 integration in the 65B2 landing site (VK00033) [59, 60].

Preliminary experiments to assess light-induced rescue of loss-of-function alleles

We established embryos of three genotypes that each harbor our OptoSOS system and exhibit diminished or absent receptor-level
activity: embryos produced by mothers that were homozygous for the trk' amorphic allele or ts/®®' hypomorphic allele, or embryos
which carried an RNAi construct targeting Tor (see Drosophila melanogaster stocks section above). In each genetic background we
monitored tissue movements during gastrulation to assess whether optogenetic stimulation could compensate for the loss of pos-
terior terminal signaling (Figure S1). We chose this phenotype because posterior terminal signaling is required for invagination of the
posterior midgut during gastrulation, and we previously found that illuminating OptoSOS embryos expands the domain of contractile
midgut tissue across more than 80% of the embryo [19].
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All three alleles failed to undergo posterior midgut invagination in the dark, indicative of strong loss-of-function of terminal signaling
(Figure S1). We found that illuminating OptoSOS-trk and OptoSOS-Tor"™™A embryos with 450 nm light produced tissue invagination
during gastrulation, indicative of ectopic posterior midgut specification (Figure S1). No such tissue movements were observed in Op-
toSOS-ts/ embryos (Figure S1), consistent with a recent report suggesting that Tsl plays an additional, terminal signaling-indepen-
dent role in gastrulation [61]. Together, these experiments demonstrate that OptoSOS-trk and OptoSOS-Tor™ embryos transition
from a loss of terminal signaling in the dark to a strong gain-of-function phenotype upon illumination. Immunofluorescence staining
for dpErk in OptoSOS-trk embryos (Figure 1A) revealed a complete loss of terminal Erk activity, consistent with prior reports [24]. To
avoid any potential for incomplete knockdown or off-target effects by the Torso RNAI construct, we chose to focus on OptoSOS-trk
embryos for all subsequent experiments.

METHOD DETAILS

Immunofluorescence quantification of Erk activity

For staining and quantification of doubly phosphorylated Erk (ppErk) (Figures 1A and S2), we collected images of embryos that had
been fixed and stained after exposure to different pulse frequencies for ppErk (1:100; Cell Signaling). Activity was quantified similar to
the method used for gene expression in [19] by tracing a contour around the edge of the embryo and normalized based on a
co-stained histone-GFP control for each stimulation condition.

Microscopy

Cuticles were prepared for imaging as described previously [20] and imaged on Nikon Eclipse Ni through a 10X air objective using
dark-field or brightfield microscopy. DIC and fluorescence imaging were performed on a Nikon Eclipse Ti spinning-disk confocal mi-
croscope. A 740-760nm band-pass filter (Chroma) was placed in the bright-field illumination light path to prevent unwanted optoge-
netic stimulation during imaging. Patterned optogenetic illumination was performed using a Mightex Polygon digital micromirror de-
vice (DMD) using an X-Cite XLED 450-nm blue LED. Spatial illumination of embryos was performed by drawing rectangular DMD
patterns to stimulate the anterior pole, posterior pole, or both. The microscope’s XY stage was then cycled between multiple embryos
that were approximately aligned to these fixed patterns. Each embryo was stimulated with 600ms of DMD illumination every 30 s at an
intensity of 4.5 mW/cm?, leading to expected activity approximately equal to that of the maximal wild-type level (see Figure S2).
Embryos were excluded from subsequent analysis if they were tilted more than 10 degrees from the illumination pattern, which
was fixed to the horizontal axis.

Assessing and cuticle phenotypes

For cuticle counts, unfertilized or empty eggshells were excluded from all counts. Any visible filzk&érper structures were marked as
having “tail.” Head structures with intact pharyngeal apparatus were marked as rescued. Abdominal segments were marked as
rescued if the cuticle contained 8 intact denticle belts. Hatching rates are based on the number of empty eggshells versus the number
of remaining embryos after 30+ hpf.

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of embryos and replicates for each experiment (N values) are indicated in the figure legends and Table S2. For Figures
S3G and S3H, the Student’s t test was used to test for differences in the extent of Erk activation in wild-type versus light-stimulated
embryos. The number of embryos is indicated on each figure panel.

Quantifying the spatial range of light-induced signaling

Successful optogenetic rescue requires that signaling be precisely patterned by local illumination. To verify that precise spatial pat-
terns could be achieved, we set out to quantify the extent of SOS membrane translocation and Erk activity from a localized site of
450 nm light illumination and compared their spatial distributions to the endogenous gradient of Erk activity at the termini in nuclear
cycle 14 (NC14) embryos. We made use of miniCic, a recently-developed fluorescent biosensor of Erk activity that is exported from
the nucleus in response to phosphorylation by Erk (Figure S3A) [25].

For quantification of the spatial distribution of Erk activity in living OptoSOS-trk embryos, we illuminated individual miniCic-Opto-
SOS embryos with an all-or-none light pattern near the middle of the embryo and then collected a z stack of images in the OptoSOS
and miniCic channels. We then computed maximum projections from these z stacks and plotted the intensity as a function of their
distance from the illumination source. For quantifying the endogenous Erk gradient in a wild-type embryo, the maximum Erk activity
and its decay as a function of distance was measured from the posterior pole. In both illuminated and endogenous Erk patterns,
curves were normalized to their minimum and maximum values to obtain estimates of the percentage activity as a function of position
in the embryo.

Imaging the termini of embryos expressing the miniCic biosensor (Figure S3B) revealed a graded decline in Erk activity from the
poles similar to that obtained by phospho-Erk staining (Figure 1A). In contrast, we found that the intensity of both OptoSOS mem-
brane translocation and miniCic activity dropped off sharply at the edge of the illuminated region (Figure S3B). Further quantification
revealed that OptoSOS translocation and Erk activity returned to baseline levels within 60 um from the edge of illumination versus
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200 um for the endogenous terminal gradient (Figure S3C). These results demonstrate that optogenetic stimulation can produce
precise, localized patterns of Ras/Erk pathway activity at a fine scale relative to an endogenous pattern.

Quantifying the spatial range of gene expression

The range of terminal gene expression was assessed by processing the MCP-MS2 images in MATLAB (The MathWorks, Natick,
Massachusetts). Burst were segmented from individual z-frames by applying a 6 um? median filter and subtracting this from the orig-
inalimage. The resulting image is then binarized by thresholding. Bursts less than 3 pixels in size are removed before combining these
pixels across all z frames. A mask of the embryo is created by k-means clustering of the starting image into two bins, followed by filling
in of interior pixels and removal of stray pixels. This mask is then eroded by a 2 um radius disk and bursts outside of this resulting
mask are removed to prevent artifacts caused by debris on the surface of the embryo. There are no nuclei in this region, so it should
not remove any actual bursts. Each remaining cluster of pixels is identified as a burst. The posterior edge of the embryo is determined
from DIC imaging before each experiment. The distance the pattern extends from this edge is calculated in frames where there are at
least three bursts. This is calculated by averaging this distance for the furthest three bursts from the pole. This is then averaged across
the time course for each frame containing three or more bursts to calculate a final pattern width as in Figure 3D.

Assessing and quantifying gastrulation phenotypes
For experiments classifying gastrulation phenotypes by microscopy, germband elongation classification was performed based on
the raw differential interference contrast (DIC) videos as follows:

Terminal loss-of-function-like: No posterior midgut invagination (PMG), the presence of ectopic folds during gastrulation. Com-
plete absence of germband extension (GBE).

Normal: The posterior endoderm invaginates and travels along the dorsal surface toward the head. The final posterior-to-anterior
length of posterior endoderm migration defines the ‘GBE length’ plotted in Figure 4C.

Terminal gain-of-function-like: Posterior invagination is abnormally large and does not migrate along the dorsal surface, so germ-
band extension is lost.

The length of GBE was measured at the point which the germband stops constant forward progress toward the anterior pole. The
perimeter of the PMG was measured as the largest contour after the initiation of the PMG invagination. Embryos which exhibited de-
fects prior to NC14, were unfertilized, which were tilted relative to the illumination pattern greater than 10°, or where the parameter to
be measured was not visible due to orientation of the embryo were excluded from counts. For Figures 4B and 4C, embryos which did
not receive at least 60 minutes of light between the start of NC10 and 10 minutes before posterior gastrulation movements were also
excluded from counts. For Figure 4C, embryos with illumination between 10%-30% of EL were included, No GBE ectopic pheno-
types were excluded. Embryos were considered WT if found in the range of the 95% confidence interval for OreR controls. For ex-
periments where light duration was varied, the duration included any illumination received prior to 10 minutes before the start of
gastrulation.

Current Biology 30, 3414-3424.e1-e3, September 7, 2020 e3




Current Biology, Volume 30

Supplemental Information

Optogenetic Rescue of a

Patterning Mutant

Heath E. Johnson, Nareg J.V. Djabrayan, Stanislav Y. Shvartsman, and Jared E. Toettcher



OptoSOS / trk* OptoSOS / tsl* OptoSOS / torRNAi

dark

R

LOF: ectopic folds

+ posterior
light

+ global
light

LOF: ectopic folds

Figure S1: Characterizing optogenetic control in three Torso signaling pathway mutants.
Related to Figure 1. Embryos were analyzed that expressed the OptoSOS system and were
derived from mothers harboring loss-of-function Torso pathway alleles: homozygous trk (left),
homozygous tsl, (middle) and 67;15>tor®A! (right). Each panel shows a representative embryo
during gastrulation where the posterior midgut invagination (PMG invagination; yellow highlight)
and elongating ventral mesoderm tissue (red highlight) are marked. Top row: all three mutants
lead to loss-of-function phenotypes in the dark, including a failure to undergo PMG invagination
and the appearance of ectopic folds along the embryo’s ventral surface. Middle row: embryos were
illuminated with a 0.6 sec of saturating 450 nm light every 30 sec, applied to the posterior-most
15% of the embryo. This stimulus rescues normal PMG invagination (yellow) and germ band
elongation (red) in OptoSOS-trk and OptoSOS-tor*NA! embryos. OptoSOS-tsl embryos still exhibit
loss-of-function gastrulation phenotypes, including a lack of PMG invagination and ectopic folds.
Bottom row: global illumination with 1 sec pulses of saturating 450 nm light every 30 sec leads to
the large-scale formation of ectopic PMG and a massive contraction of the majority of the embryo
in OptoSOS-trk and OptoSOS-tor®™ A1 embryos but not in OptoSOS-tsl embryos. These data
suggest that the tsl allele exhibits additional defects in tissue morphogenesis independently of its
role in specifying terminal fates. All embryos in the figure are oriented with anterior to the left and
ventral downward.
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Figure S2: Titrating Erk phosphorylation using different light stimulus schedules. Related
to Figure 2. (A) Nuclear cycle 12-14 OptoSOS embryos were illuminated for 1 hour under
different stimulus conditions and then fixed and stained for doubly phosphorylated Erk (ppErk).
The level of ppErk was quantified from a central embryonic region (yellow box) where
endogenous terminal signaling would not contribute to Erk activity. As an internal standard, Erk
phosphorylation was compared to the maximum level at the anterior pole of identically-stained
wild-type embryos. A representative wild-type embryo exhibiting the normal terminal ppErk
pattern is shown, reproduced from Figure 1A. Embryo is oriented with anterior to the left and
ventral downward. (B) Quantification of ppErk levels in embryos stimulated with different cycles
of saturating 450 nm light pulses: continuous light, a 1 sec pulse every 20 sec, a 1 sec pulse every
60 sec, or constant darkness. [llumination at 1 sec every 20 seconds led to ppErk levels comparable
to the maximum level in the wild-type terminal pattern, whereas a 1 sec pulse every 60 sec drove
steady-state ppErk levels at ~10% of the wild-type maximum. Error bars: standard deviation across
spatial bins.
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Figure S3. Precise spatial patterning of Erk activity using light. Related to Figure 3. (A) A
live-cell fluorescent biosensor of Erk activity (miniCic) was used to quantify the spatial
distribution of Erk activity in living embryos. The miniCic biosensor is localized to the nucleus in
the absence of Erk activity (left panel) and is phosphorylated and exported from the nucleus upon
Erk activation (right panel). (B) Nuclear miniCic intensity imaged at the termini of wild-type
nuclear cycle 14 (NC14) embryos, with a representative embryo shown oriented with its posterior
pole to the left. A gradient of nuclear miniCic is formed, reflecting the endogenous gradient of Erk
activity at the poles. Scale bar: 20 um. (C-D) Comparison of the endogenous terminal pattern (in
C) to an all-or-none light stimulus of 0.6 sec pulses of saturating 450 nm light delivered every 30
sec within the boxed region (in D). Representative miniCic fluorescence images from NCI14
OptoSOS/miniCic embryos are shown, zoomed in from the indicated illumination regions (dashed
boxes). Scale bars: 25 um. (E-F) miniCic nuclear intensity was quantified from the embryo images
in C-D as a function of position from the embryo pole (yellow curve) or the edge of the all-or-
none light pattern (red curves). Best-fit Hill functions (solid lines) are shown. (G-H) Quantification
of the length of gradient (in G) and gradient steepness (in H) for embryos stimulated as in C-D.
“*” indicates p < 0.05 using Student’s t test; “***’ indicates p < 0.01 using Student’s t test. The
number of identically-stimulated embryos is shown for each bar. (I-J) Quantification of tll and hkb
bursts over time for the embryos stimulated and analyzed in Figure 3. Points indicate the number
of bursts per minute in each nuclear cycle, normalized to the average number of bursts across all
nuclear cycles, for each embryo. Lines indicate the mean across multiple embryos; see Table S2
for the number of embryos in each condition. (K) Still images OptoSOS-tsl embryos expressing
MCP-mCherry and the tll upstream regulatory sequence driving MS2 stem-loops, incubated in the
absence of 450 nm light or in response to an all-or-none light stimulus of 0.6 sec pulses of
saturating 450 nm light delivered every 30 sec. Images are maximum intensity projected across all
z-planes and time points. Representative embryos are oriented with posterior poles to the left. (L)
Quantification of the number of transcriptional foci observed in embryos prepared as in K. The
number of identically-stimulated embryos is shown for each bar.
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Figure S4: Programming of tail structures at low Erk levels. Related to Figure 4. (A)
Assessing the effects of short-duration and low-intensity illumination on OptoSOS embryos that
still exhibit normal endogenous terminal signaling. Embryos were incubated in the dark,
stimulated globally with a 1 sec light pulse delivered every 120 sec (“dim”), or incubated under a
single 5 min bolus of constant, saturating 450 nm light (“5” pulse”), and viability was assessed.
Under these conditions, a majority of larvae still hatch and appear normal, indicating that the light
intensity used to rescue tail structures is below the threshold for eliciting strong gain-of-function
phenotypes. “Dim” light indicates 1 sec pulses of saturating 450 nm light every 120 sec, expected
to lead to Erk activity less than 10% of maximal levels (see Figure S2). (B) Schematic of
experiment to define the time window during which tail structures are specified. OptoSOS-trk
embryos were collected over a 30 min period, incubated in the dark for varying amounts of time,
and then globally illuminated with a 5 min light pulse. Cuticle preparations were then used to
assess the formation of tail structures at the end of embryogenesis. (C) The fraction of embryos
with normal tail structures was defined in each 30 min collection window, with most embryos
harboring tails when stimulated in a 1 h window, 90-150 min after fertilization.
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Figure S5. The lower limit of spatial signaling required for tissue morphogenesis. Related to
Figure 5. (A) Schematic of posterior tissue movements during germ band elongation (GBE), with
representative images for each phenotype shown below. Left: During germ band elongation, cells
migrate to the ventral surface (red highlight) and intercalate, while the posterior endoderm (orange
highlight) constricts and internalizes. Middle: This results in the large-scale movement of posterior
tissue along the dorsal surface towards the head. Right: In the absence of terminal signaling, germ
band elongation is blocked, leading to buckling of ventral tissue. All embryos are oriented with
anterior to the left and ventral downward. (B-C) Optogenetic dissection of the spatial requirements
for terminal signaling in gastrulation. All embryos were stimulated with a 90 min overall stimulus
of 0.6 sec pulses of saturating 450 nm light delivered every 30 sec to the indicated spatial regions.
“Normal” gastrulation was defined as successful posterior invagination and a germ band whose
length was within the 95% confidence interval obtained from 27 wild-type embryos. A loss-of-
function (“LOF”) embryo was defined by a lack of posterior invagination and germ band
elongation. (B) Gastrulation was scored for embryos that were kept in the dark or illuminated at
either the anterior or posterior pole and monitored by differential interference contrast (DIC)
imaging. (C) Gastrulation was scored for embryos that were illuminated with different posterior
pattern widths, from 0-36% of the embryo’s length. Illumination widths that produce normal
gastrulation in a majority of embryos are marked with a green box. For B-C, normal gastrulation
is defined by presence of posterior invagination and a germ band that extends to a length within
the wild-type 95% confidence interval.



stimulus tail proper gastrulation head .
. . hatching
duration | structures | segmentation | movements structures
dark 33/204 3/109 0/10 0/5 0/200
(16%) (2.7%) (0%) (0%) (0%)
. G: 66/90 P: 21/172
5 min (73%) (12.2%) ND ND ND
. P: 9/9 P: 9/9 P: 4/69 A:0/8
15-30min | 4904 (100%) (5.7%) (0%) ND
45-90 min 7/7 6/7 P: 39/40 A: 13/15 9/31
(100%) (86%) (97.5%) 87%) (29%)

Table S1: Quantification of embryo phenotypes from optogenetic experiments and dark-

incubated controls. Related to Figures 2 and 4. Each entry represents the total number of

embryos whose structures could be assessed under light stimulation of the duration indicated. In
each entry case, the location of illumination is noted (P = posterior; A = anterior; G = global). All
anterior and posterior light stimuli consisted of 0.6 sec pulses of saturating 450 nm light delivered
every 30 sec; global illumination was delivered using 1 sec pulses of saturating 450 nm light every
30 sec. Red entries indicate a failure to rescue (normal phenotype less than 20%), whereas green
bolded entries indicate successful rescue. Data is taken from multiple experiments described in

Figure 2 and Figure 4.
Figure # of embryos per condition
2A 15
2B 7
2C 22
2D 31,200
3C,D 6,3,5,5
4A 204, 90, 68
4B 109,172,9
4C 8,43,26,7,4,30
5B 70 (WT =27)
5C 82 (WT =27)
S2B 52,28, 26,10
S3G.H 8, 10
S3LJ 6,3,5,5
S3L 3,5
S4A 88,21, 117
S4C 102, 90, 81, 139
S5B 10, 44, 34
S5C 2,11,20,17,4,3,7,7,3 (WT =27)

Table S2: Number of embryos quantified in each experiment. Related to Figures 2-5 and S2-
S5. Comma-separated numbers indicate the number of embryos quantified in each experimental

condition, from left to right as indicated in the corresponding figure.
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