










ELMO-Sponge via Rap1 and Canoe is linear. We do not rule out
reinforcing feed-back interactions within the pathway that lead to
enhanced signals. Such feedback interactions are likely to be
important for maintenance of the subapical domain. For example,
Baz influences Canoe localization later in cellularization (Choi
et al., 2013). In the accompanying paper, Bonello et al. (2018)
describe a function of dizzy in the apical restriction and especially
localization of Canoe to tricellular junctions via activation of Rap1
during late cellularization.
When studying the initial formation of the subapical domain, we

have not observed an influence of the lateral determinant Scribbled

or the basal protein Slam. Such interactions are likely to be
important later in cellularization and development for maintenance
of the cortical domains or sharpening of the boundaries, as it is well
established that lateral and subapical components interact by mutual
exclusion (Bilder et al., 2003; Tanentzapf and Tepass, 2003).

The change in ELMO-Sponge distribution from a disc-like
pattern during the nuclear cycles to a ring-like pattern during initial
cellularization suggests a model for the origin of positional
information for the emerging subapical domain (Fig. 9A). The
organization in cap and intercap regions already contains the
information for a third domain, namely the interface between the
two regions (Fig. 9B). The dynamic localization pattern of ELMO-
Sponge makes use of this information in initial cellularization.
Whereas uniformly distributed within the caps during syncytial
cycles, ELMO-Sponge accumulates at the rims of the apical region
during the onset of cellularization. Subsequently, when the
furrows invaginate, adjacent rings around the apical regions
meet to form a grid-like pattern.

The determinants for specific membrane localization of ELMO-
Sponge are not clear. Within the ELMO-Sponge complex (Fig. 4E),
membrane association is assumed to be conferred by ELMO. The
role of the conserved ELMO domain is unclear (Komander et al.,
2008). The PH domain might mediate membrane association by
binding phospholipids. However, no corresponding subapical
localization pattern of phospholipids has been reported. Sensor
proteins for PI(4,5)P2 and PI(3,4,5)P3 were reported to be widely
distributed along the invaginating furrow (Reversi et al., 2014). As
an alternative to phospholipids, a membrane protein might serve as
an anchor for ELMO.

The change of ELMO-Sponge distribution from a disc-like to a
ring-like pattern coincides with the MBT and thus might ultimately
depend on one or more zygotic genes, on cell cycle regulators such
as checkpoint kinases, which change their activity during MBT, or
other MBT-associated processes (reviewed by Liu and Großhans,
2017). Among the early zygotic genes, the best candidate for

Fig. 8. Dynamics of ELMO-GFP during early cellularization. (A) Image from a time-lapse recording of an embryo expressing ELMO-GFP shows ELMO-GFP
localization at the cap during interphase 13. (B) Scheme for furrow formation and invagination in early cellularization. Subapical and basal domains are marked in
green and red, respectively. Axial (apical-basal) axis with approximate scale is indicated. (C) Images from time-lapse recordings including axial stacks
of embryo expressing ELMO-GFP (gray/green) and CherrySlam (gray/red) during mitosis 13 and early interphase 14. Axial position is indicated. Yellow
arrowheads point to position of new furrows. (D) Relative fluorescence intensity of ELMO-GFP and CherrySlam at new furrows measured along the apical-basal
axis at the indicated times (three furrows). Error bars represent s.e.m. Scale bars: 10 µm.

Fig. 9. Model of formation of the subapical domain. (A) Dynamics of
ELMO-Sponge (green) distribution from a disc-like to ring-like pattern during
the onset of interphase 14. Intercap region and basal domain are marked in
red. ELMO-Sponge is a potential Rap1 activator, which in turn restricts Canoe
to the subapical domain. (B) Positional information for the emergence of the
subapical domain (purple) based on transformation of the domain interface.
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contributing to ELMO-Sponge redistribution might be the zygotic
gene dunk, which controls apical myosin contractility and flow at
the onset of cellularization. However, a potential role of dunk or
other zygotic genes in cortical domain formation and segregation
has not been analyzed (He et al., 2016). Future experiments
analyzing the detailed dynamics and factors controlling the
localization of ELMO-Sponge are likely to provide insight into
the underlying molecular and biophysical mechanism.

MATERIALS AND METHODS
Fly strains and genetics
Fly stocks were obtained from the Bloomington Drosophila Stock Center,
unless otherwise noted. The following fly strains and mutations were used:
UASp-CherrySlam driven by maternal Gal4 (Acharya et al., 2014),
Df(2L)slam (Acharya et al., 2014), Ced-12/ELMO367 (Winkler et al.,
2015), cno[R2] (Choi et al., 2013), CanoeYFP (PBac{602.P.SVS-
1}cnoCPTI000590, Drosophila Genomics and Genetic Resources, Kyoto),
scrb-GFPCA07683 (Buszczak et al., 2007), scrb[1] (Bilder and Perrimon,
2000), rap1[P5709] (R. Reuter, University of Tübingen, Germany; Knox
and Brown, 2002), sponge[242] (Postner et al., 1992), Df(3R)3450
(deficiency uncovering sponge), dizzy(Δ8) (R. Reuter; Huelsmann et al.,
2006) and GFP-Rap1 (E. Knust, Max Planck Institute, Dresden, Germany;
Knox and Brown, 2002). ELMO-GFP transgenes were generated according
to standard protocols by φC31 integrase-mediated site-specific insertions in
the landing site ZH-86Fb (Bischof et al., 2007). All fly cages and crosses
were maintained by standard methods at 25°C unless otherwise specified.
Germline clones were induced by heat shock (each 1 h, at 24-48 h and 48-
72 h of development) of first and second instar larvae and selected by ovoD
transgenes on corresponding Frt chromosomes.

Molecular genetics
The genomic ELMO-GFP construct was generated by ligation of multiple
fragments, which were amplified by PCR. Fragment 1-GFP (optimized
for Drosophila codon usage), using upstream primer (5′-3′) ZL95
(tggcggccgcACTGGAAGTTCTGTTCCAGGGGCCCGGCTCCGCCGG-
CTCC), introducing a NotI site and a PreScission cleavage site; and
downstream primer ZL75 (TAAAGCTTGTACAGCTCGTCCATGCC),
inserting a HindIII site. Fragment 2-ELMO3′ with a leading stop codon
(chromosome 2L, 12,100543-12,101,303), using upstream primer ZL76
(ACAAGCTTTAAGCATAACGAGCACAATTAC), adding a stop codon
and HindIII site; and downstream primer ZL73 (atctcgaGTCTGCCTG-
CCGGACCGG), adding an XhoI site to the 3′ end. Both fragments were
cloned (NotI/XhoI) into pBSK (Stratagene) to create BSK-GFP-ELMO3′
and transferred to the transformation vector pAttB (Bischof et al., 2007) to
create pAttB-GFP-ELMO3′. Fragment 3, a 3633 bp genomic fragment
encompassing the 5′ region of the ELMO locus to the 3′ end of ELMO exon
4 (chromosome 2L, 12,096,904-12,100,537). NotI sites were introduced on
both ends by upstream primer ZL99 (AACAGATCTGCGGCCGGAAG-
ACAAGCGATCGGATGC) and downstream primer ZL104 (ACTTCCAG-
TgcggccgcgCTCTCAAAGCAAAAATCATAG). Fragment 3 was cloned
into the NotI site of pAttB-GFP-ELMO3′ leading to the final transformation
plasmid pAttB-ELMO-GFP-ELMO3′, which comprises DNA from the
ELMO locus region (breakpoints are 12,096,904-12,101,303) with a
PreScission cleavage site and GFP in front of the stop codon.

Immunostaining
Embryos were fixed with 4% formaldehyde or heat fixed according to
standard procedures as described previously (Großhans et al., 2005) and
stored inmethanol. Fixed embryos were rinsed three times in PBSwith 0.1%
Tween 20 (PBT), and blocked in 5% bovine serum albumin (BSA) in PBT
for 1 h at room temperature. Blocked embryos were incubated with primary
antibodies in 0.1% BSA in PBT overnight at 4°C or at room temperature for
2 h with constant rotation. After rinsing three times and washing four times
for 15 min each with PBT, the embryos were incubated with fluorescently
labeled secondary antibodies in PBT for 2 h at room temperature. Following
another round of rinsing and washing, embryos were stained with DAPI

(0.2 µg/ml) for 10 min, rinsed three times in PBT, washed in PBT for 10 min
and mounted in Aqua-Poly/Mount (Polysciences). Embryos for phalloidin
staining were fixed in 8% formaldehyde and the vitelline membrane was
manually removed. Primary antibodies were rabbit anti-Canoe (1:1000;
Choi et al., 2013), mouse anti-Dlg (1:100, 4F3, Developmental Studies
Hybridoma Bank), rabbit/guinea pig anti-Slam (1:5000; Brandt et al.,
2006), guinea pig anti-Sponge (1:1000; Biersmith et al., 2011). Phalloidin
coupled to Alexa Fluor 488 was obtained from Thermo Fisher. Secondary
antibodies were coupled to Alexa Fluor 488, 568 and 647 (1:500, Thermo
Fisher).

Western blots
Western blotting was conducted as previously described (Wenzl et al.,
2010). Briefly, lysis samples corresponding to ten staged embryos (0-2 h)
were separated by SDS-PAGE and transferred by wet transfer to a
nitrocellulose membrane. Blots were imaged with an Odyssey CLx infrared
imaging system (LI-COR Biosciences) with 16-bit depth. Primary
antibodies were goat anti-ELMO (1:3000; Biersmith et al., 2011), mouse
anti-α-Tubulin (1:50,000, B512, Sigma). Secondary antibodies were
800CW- or 680CW-coupled donkey anti-guinea pig/mouse/rabbit IgG
(Invitrogen). Images were processed in Adobe Photoshop and Fiji/ImageJ
(Schindelin et al., 2015).

Imaging
Live embryos were handled as previously described (Kanesaki et al., 2011).
Fluorescent time-lapse movies and images of fixed embryos were recorded
with a Zeiss LSM780 confocal microscope equipped with Airyscan
detection, and objectives LCI Plan Neofluar 63×/water NA 1.3 for fixed
samples, Plan Neofluar 63×/oil NA 1.4 for live imaging. Movies of embryos
expressing CanoeYFP and CherrySlam were obtained with a frame size of
256×256 pixels (28.7×28.7 µm) and a lateral pixel size of 110 nm at an
interval of 60 s. Channels were changed after recording of every z-stack;
each z-stack had 19 slices with a step size of 0.5 µm. Embryos expressing
ScribbledGFP were imaged with Airyscan detection with a frame size of
488×488 pixels (36×36 µm) and a lateral pixel size of 73 nm. Each z-stack
included 11 slices with a step size of 1 µm, imaged at an interval of 60 s.
Embryos expressing ELMO-GFP and CherrySlam were imaged with
Airyscan detection with a frame size of 488×488 pixels (32×32 µm) with a
lateral pixel size of 66 nm. Each z-stack contained 17 slices with a step size
of 0.5 µm, obtained at an interval of 60 s. Images of embryos expressing
GFP-Rap1 were obtained with Airyscan detection with a frame size of
476×476 pixels (32.1×32.1 µm; 67.5 nm lateral pixel size). z-stacks were
conducted with a step size of 0.2 µm and orthogonal views were conducted
with Fiji/ImageJ as well as measurement of furrow length. Fixed embryos
were imaged with a frame size of 512×512 pixels (67.5×67.5 µm; 130 nm
lateral pixel size) for top views and 512×200 pixels (96.4×29.4 µm; 190 nm
lateral pixel size) for sagittal views. Images were processed with Fiji/ImageJ
and Adobe Photoshop and Adobe Illustrator.

Image quantification
Measurements were conducted with Fiji/ImageJ, with calculation in
Microsoft Excel. For the quantifications in Fig. 2E,F and Fig. 8D,
fluorescence intensities were measured along three furrows in each z
position along the apical-basal axis. The maximal intensities for each
protein were normalized to 1 and plotted as a graph with apical-basal
position on the y-axis and normalized fluorescence intensities on the x-
axis. The heatmap in Fig. 5D was prepared by measuring the fluorescence
intensity distribution along the furrows in side views in a total of nine
furrows in three embryos. Intensities were normalized to 1 for every furrow
and displayed as heatmaps using the conditional formatting function in
Excel. Averages of normalized intensities were plotted with apical-basal
position on the y-axis and normalized fluorescence intensities on the x-
axis. For quantifications in Fig. 2G, the distribution of CanoeYFP
fluorescence intensity at one furrow was measured in top view of live
images at different time points using the line plot function of Fiji/ImageJ.
Position zero on the x-axis was defined by the peak of the curve at the latest
time point.
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