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SUMMARY

Gastrulation of the Drosophila embryo is one of
the most intensively studied morphogenetic pro-
cesses in animal development [1-4]. Particular ef-
forts have focused on the formation of the ventral
furrow, whereby ~1,000 presumptive mesoderm
cells exhibit coordinated apical constrictions that
mediate invagination [5, 6]. Apical constriction de-
pends on a Rho GTPase signaling pathway (T48/
Fog) that is deployed by the developmental regula-
tory genes twist and snail [7-10]. It is thought
that coordinate mesoderm constriction depends on
high levels of myosin along the ventral midline,
although the basis for this localization is uncertain.
Here, we employ newly developed quantitative
imaging methods to visualize the transcriptional
dynamics of two key components of the Rho
signaling pathway in living embryos, T48 and Fog.
Both genes display dorsoventral (DV) gradients of
expression due to differential timing of transcription
activation. Transcription begins as a narrow stripe
of two or three cells along the ventral midline, fol-
lowed by progressive expansions into more lateral
regions. Quantitative image analyses suggest that
these temporal gradients produce differential spatial
accumulations of t48 and fog mRNAs along the DV
axis, similar to the distribution of myosin activity.
We therefore propose that the transcriptional dy-
namics of t48 and fog expression foreshadow the
coordinated invagination of the mesoderm at the
onset of gastrulation.

RESULTS AND DISCUSSION

Gastrulation is triggered by apical constrictions of myosin cables
along the ventral midline of cellularized embryos. This localized
activation of myosin depends on induction of Rho GTPases
by T48 and the Fog/Mist GPCR signaling pathway (Figure 1A)
[7, 8, 11]. T48, Fog, and Mist are each regulated by different
combinations of the Dorsal, Twist, Snail regulatory network
that controls dorsal-ventral patterning of the early embryo (Fig-
ure 1A) [7-9]. There is a loss of constrictions in mutants that
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disrupt this pathway [11]. T48 is a transmembrane protein that
directly binds RhoGEF2, leading to its recruitment to apical
regions of individual mesoderm cells [7]. Fog is a ligand for
Mist, a G-coupled receptor that induces Rho activation [9].
These two independent cellular effectors coordinate the apical
constriction of mesoderm cells (Figure 1A). It is uncertain
how dorsal-ventral regulatory determinants ultimately lead to
restricted Rho signaling and myosin activation along the ventral
midline because they are broadly expressed throughout the pre-
sumptive mesoderm.

Here, we employ newly developed quantitative imaging
methods to visualize and measure the transcriptional dynamics
of t48 and fog expression in living Drosophila embryos [12, 13].
Conventional in situ hybridization assays revealed restricted
expression of t48 transcripts within the mesoderm, as well as
an expansion of expression in the lateral ectoderm during later
stages of development (Figure S1A). The mesoderm pattern of
expression is two or three cells narrower than the Twist and Snail
patterns, thereby raising the possibility of a subdomain within
the mesoderm where apical constrictions are initially restricted
[8, 14]. To determine how this functional subdomain is es-
tablished, we sought to identify a mesoderm-specific {48
enhancer. A few different putative enhancers were identified
based on whole-genome Zelda chromatin immunoprecipitation
sequencing (ChIP-seq) datasets [15, 16]. Each of the putative en-
hancers was cloned into a MS2/yellow reporter gene, which
contains the minimal eve promoter and 24xMS2 RNA stem-
loop repeats upstream of the ATG-start codon. One of the newly
identified enhancers (int1 ENH) was found to recapitulate the
endogenous t48 expression pattern within the presumptive
mesoderm (Figure S1B).

Nascent transcripts produced by the t48>MS2/yellow re-
porter gene were visualized as fluorescent foci using a
maternally expressed MCP::GFP fusion protein. The intensities
of these dots were measured over time to determine the
transcriptional dynamics and cumulative outputs for each
nucleus. Particular efforts focused on the first 20 min of nuclear
cycle 14 (nc14) in order to capture the initial transcriptional
dynamics of t48 expression (Movie S1). At the midpoint of
nci14 (~20-30 min following mitosis) the t48 transcription
pattern encompasses 10-14 cells across the ventral midline,
which agrees with previous in situ hybridization assays. The
first nascent transcripts appeared in posterior regions of the
ventral midline within 5 min after mitosis. During the next
5 min, t48 transcripts stochastically appeared as a narrow
stripe of two or three cells in width along the anterior-posterior
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Figure 1. T48/Fog Pathway and the Spatio-
temporal Dynamics of t48 Transcription in
the Mesoderm

(A) Schematic of t48/fog pathway during ventral
furrow formation. Left: T48 (orange) and Mist (light
blue) are apically localized. T48 recruits RhoGEF2
(yellow). Mist is a GPCR that interacts with con-
certina (purple). Fog ligands (green) are apically

Mist secreted. Fog/Mist activates Rho GTPase through

Rho-activation

False colored images of nuclei output

J RhoGEF2. T48/Fog pathway cooperatively acti-
vates Rho signaling. Right: maternal Dorsal acti-
vates Twist and Snail, and Twist activates t48
and fog. mist is thought to be regulated by Snail.

(B) Heatmap of cumulative output for t48>MS2/
yellow transcripts during the first 20 min of nc14.

(C) Twenty nuclei that produced the highest levels
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Tracing the high output-nuclei during the mesoderm invagination

of t48 transcripts during the first 20 min of nc14
were traced to mesoderm invagination.
See also Figures S1 and S2 and Movie S1.
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H time point, suggesting minimal spatial

variation among actively transcribing
nuclei (Figures 2B and S2B). However,
expression expands significantly over
time, and to measure these dynamics,
we divided nuclei into three groups based
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(AP) axis. The transcription profile expands to 10-14 cells dur-
ing the next 10 min (Figures 1B and 2A). The initial expression
profile is interesting because this is the first indication of
localized activity along the ventral midline of pre-cellular em-
bryos (Figure S1A) [7].

We defined the cumulative RNA output of a given nucleus as
the area under the transcription trajectory over time. Cumulative
RNA outputs are graded along the dorsoventral (DV) axis during
the first 20 min of nc14, reflecting the differential timing of 48
transcription activation. The nuclei exhibiting the highest cumu-
lative mRNA levels are located along the ventral midline (Fig-
ure 1B). To visualize this, we computationally labeled the 20
most highly expressed nuclei and traced them during meso-
derm invagination (Figure 1C). These cells are indeed aligned
along the midline of the ventral furrow, suggesting that the
ventral midline is already established during the first 20 min
of nc14.

To determine the basis for the graded distribution of t48
transcripts, we measured the average fluorescent MS2
intensities along the DV axis during different time points. The
boundaries between active and inactive nuclei expand progres-
sively into ventro-lateral regions (Figures 2A and S2A; Movie
S1). Transcription activity is reasonably constant at a given

on their levels of cumulative RNA output
(Figure 2C). We found that nuclei with
the highest output are localized along
the ventral midline, corresponding to
those exhibiting earliest expression.
Indeed, there is a statistically significant
correlation between the timing of activa-
tion and cumulative output (Pearson’s
correlation coefficient = —0.70; Figure 2D).
Hence, the average cumulative RNA
outputs are graded along DV axis due to the timing in the
onset of t48 transcription (Figure 2E). We propose that this
temporal gradient could contribute to the coordinated invagina-
tion of the mesoderm at later stages of development (see
below).

fog is another critical component of the Rho signaling
pathway controlling myosin activity during mesoderm invagina-
tion [8, 10]. fog and mist encode a ligand and receptor, respec-
tively, of the GPCR pathway that induces Rho activity [9, 17].
Both genes are expressed in the presumptive mesoderm of
pre-cellular embryos. We used CRISPR recombination to insert
24xMS2 stem loops into the 3’ coding region of the endoge-
nous fog locus [18] (Figure S1C). The transgenic flies carry a
partial deletion of the fog coding sequence and, consequently,
produce homozygous lethal embryos. Altogether, an ~9.5-kb
cassette was inserted into fog, including the MS2 stem loops,
a dsRed marker gene, and SV40 termination signals, including
plasmid vector sequences. Because fog is a large gene (~30
kb in length), there is a delay in the detection of nascent tran-
scripts as compared with the t48>MS2/yellow reporter gene
containing 5’ stem loops. Indeed, fog-MS2 signals were first
detected in the mesoderm ~25 min after the onset of nc14 (Fig-
ure 3A; Movie S2). Sporadic lateral MS2 signals were detected

52min
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Figure 2. Quantitative Analysis of t48 Transcripts during Nuclear
Cycle 14

(A) Snapshots from a live imaging movie of an embryo expressing the
t48>MS2-yellow transgene. Actively transcribing nuclei are false colored in
yellow.

(B) Mean signal intensity of t48>MS2 along the DV axis at each time point after
the onset of nc14.

(C) Nuclei with high (90" percentile), middle (50" percentile), and low (10"
percentile) output were colored in red, green, and cyan, respectively.

(D) Correlation between the timing of t48-transcriptional activation and
cumulative RNA output during nc14. The Pearson correlation coefficient
r = —0.70 indicates a strong likelihood that differential expression is due to
the timing of activation.

(E) Mean cumulative output of t48>MS2 along the DV axis.

Shaded areas in (B) and (E) indicate the SEM of the nuclei along the same
DV plane, and x = 0.5 indicates the ventral midline. See also Figures S1 and S2
and Movie S1.

earlier, and these might arise from a shorter transcript variant
that is only 10 kb in length (Figure S1C).

As seen for t48, the first nuclei to exhibit fog nascent tran-
scripts are located along the ventral midline. During the next
25 min, fog transcription expands laterally to a width of 12-15
cells (Figures 3A and S3B). The levels of transcription were
measured at different time points across the DV axis (Figure 3B).
fog transcription is initially detected in central mesoderm cells,
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but there are similar levels of transcription along the DV axis at
later stages. However, nuclei located near the lateral boundaries
appear to possess weaker intensities due to stochastic, salt-
and-pepper expression patterns (Figure 3B). The total levels of
cumulative fog transcripts are graded along the DV axis, with
higher output nuclei located in more ventral regions (Figures
3C and 3D). There is a statistically significant correlation be-
tween the timing of activation and total RNA output (Pearson’s
correlation coefficient = —0.72; Figure S3A). Thus, as seen for
t48, there is a temporal gradient of fog expression that correlates
with the gradient of myosin activity seen at the onset of meso-
derm invagination (see Figure 4B). These gradients are due to
the timing of transcriptional activation, rather than differential
expression profile. Indeed, there is little difference in the
maximum intensities of t48 and fog transcripts along the DV
axis at the midpoint of nc14 (Figures 2B and 3B).

Fog ligands bind to at least two different receptors in early
embryos, Mist and Smog [9, 17]. mist is zygotically expressed
in the mesoderm and presumptive midgut, whereas smog is
maternally deposited and uniformly expressed. Using Zelda
ChIP-seq datasets, we identified a 2.1 kb genomic DNA that
recapitulates the mist expression pattern in both the mesoderm
and presumptive midgut (Figure S1D). Sporadic and ubiquitous
expression of the mist>MS2/yellow reporter was detected
prior to nc14 (Movie S3). These transcripts were also detected
by in situ hybridization using an intronic probe (data not
shown). After the onset of nc14, mist transcripts are detected
in the mesoderm, along with a brief pulse of transcription in
the lateral ectoderm. Quantitative analysis of the MS2 signals
does not reveal a DV gradient of activity, as seen for t48 and
fog (Figures 3E and S3C). Instead, the mist>MS2/yellow re-
porter gene exhibits rapid and broad expression throughout
the mesoderm, with slightly higher levels in anterior and poste-
rior regions near the future sites of midgut invagination (Fig-
ure 3F). The correlation between the timing of activation and
the total output of expression is weak (Pearson’s correlation
coefficient = —0.41; Figure 3G). These observations are consis-
tent with a variety of developmental processes (e.g., wing
patterning in Drosophila and limb patterning in vertebrates),
whereby broadly distributed receptors are controlled by
spatially localized ligands [19, 20].

We have shown that two key signaling components of
myosin activity, 48 and fog, exhibit temporal gradients of
expression at least 30 min prior to the onset of gastrulation.
These gradients tightly mirror the distribution of myosin activity
that mediates coordinated apical constrictions and invagination
of the mesoderm (Figure 4). These gradients do not arise
through the differential activation of t48 and fog across the
DV axis but rather are the consequence of temporal dynamics.
The first nuclei that exhibit expression are located along the
ventral midline, which foreshadows the formation of the ventral
furrow.

The maternal Dorsal gradient organizes DV patterning of
blastoderm embryos [14, 21, 22]. It activates target genes in a
concentration-dependent manner, leading to different spatial
thresholds of gene activity. The advent of live imaging methods
provides an opportunity to explore the temporal dynamics, not
just the spatial limits, of gene activity. Conventional assays
suggest that Dorsal target genes are activated prior to nc14
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and sometimes display changes in expression at their bound-
aries [21-283]. This study provides the first evidence that the
Dorsal gradient might also control the temporal dynamics of
transcription.

Two-color live imaging reveals that the spatial limits of t48
transcription are narrower than the Snail expression pattern
(Movie S4), which delineates the limits of the presumptive meso-
derm. We propose that the 48 pattern delimits the region of the
mesoderm that is the first to undergo apical constriction at the
onset of ventral furrow formation. This is consistent with previous
evidence that myosin contraction occurs in a narrower domain
within the Snail expression pattern [8]. The ventral furrow has
been modeled by stochastic contraction of myosin cables,
superimposed on the irregular geometry of the Drosophila em-
bryo [5, 24-26]. We suggest that the temporal gradients of t48
and fog transcription also contribute to this process. Thus, tran-
scriptional dynamics might be a partner of the mechanical prop-
erties of the early embryo to foster mesoderm invagination. This
two-tier process is envisioned to improve the robustness of
morphogenesis.

Time of activation (min)
@

0 oz fg‘cat?;, 08 1 For (B) and (D), shaded area indicates the SEM of
the nuclei along the same DV plane, and x = 0.5
indicates the ventral midline. See also Figures S1
x10' and S3 and Movies S2 and S3.
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Imaging

All movies were acquired with a Zeiss LSM880
confocal microscope. A Plan-Apochromat 40x oil
immersion objective was used. 512 x 512 16 bit/
pixel image was obtained through bidirectional
scanning mode. A stack of 30 z slices was
acquired with a step size of 0.5 um per z slice.
The time resolution was in the range of 24-30 s
per entire z stacks. Three biological replicate
embryos were analyzed for each transgenic line,
t48int1>MS2, fog-MS2, mistint1>MS2, and GFP-
myosin.
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15 Image Analysis

Segmentation, tracking, and signal measurement
was performed as previously described [27], and
all other analyses scripts were implemented in MATLAB. Timing of transcrip-
tion activation was defined as the time point at which the MS2-
yellow intensity becomes higher than 20% of the maximum. Cumulative
mRNA output of a given nucleus was calculated by measuring the area under
the transcription trajectory over time.
See also the Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
three figures, and four movies and can be found with this article online at
http://dx.doi.org/10.1016/j.cub.2016.11.047.
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Invagination

(A) Schematic of t48, fog, and mist expression patterns. t48 (red) and fog
(green) transcripts are spatially graded along the DV axis, whereas mist (blue)
displays little or no gradient in activity.

(B) About 6 min after the onset of apical constriction, myosin activity is graded
along the DV axis as shown in the right plot. Relative intensities of myosin in the
reconstructed image were quantified, averaging the fluorescent intensities
along the AP axis within the yellow square. The shaded area indicates the
SEM. The dot line indicates a fitting curve.

See also Movie S4.
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