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Epithelial cells contain polarity complexes on the lateral membrane and are organized in a hexagon-dominated polygonal array. The
mechanisms regulating the organization of polygonal architecture in metazoan embryogenesis are not completely understood.
Drosophila embryogenesis enables mechanistic analysis of epithelial polarity formation and its impact on polygonal organization.
The plasma membrane (PM) of syncytial Drosophila blastoderm embryos is organized as a polygonal array with pseudocleavage fur-
row formation during the almost synchronous cortical division cycles. We find that polygonal (PM) organization arises in the meta-
phase (MP) of division cycle 11, and hexagon dominance occurs with an increase in furrow length in the metaphase of cycle 12.
There is a decrease in cell shape index in metaphase from cycles 11 to 13. This coincides with Drosophila E-cad (DE-cadherin)
and Bazooka enrichment at the edges and the septin, Peanut at the vertices of the furrow. We further assess the role of polarity
and adhesion proteins in pseudocleavage furrow formation and its organization as a polygonal array. We find that DE-cadherin de-
pletion leads to decreased furrow length, loss of hexagon dominance, and increased cell shape index. Bazooka and Peanut depletion
lead to decreased furrow length, delay in onset of hexagon dominance from cycle 12 to 13, and increased cell shape index. Hexagon
dominance occurs with an increase in furrow length in cycle 13 and increased DE-cadherin, possibly due to the inhibition of endo-
cytosis. We conclude that polarity protein recruitment and regulation of endocytic pathways enable pseudocleavage furrow stability
and the formation of a hexagon-dominated polygon array.
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Hexagon dominance is a conserved property of epithelia seenin
organisms ranging from the diploblastic Hydra to the triploblastic
Xenopus (Gibson et al. 2006; Farhadifar et al. 2007) and, in some
cases, exhibits dynamic evolution over developmental stages
(Classen et al. 2005; Sanchez-Gutiérrez et al. 2013). One of the fun-
damental ideas in theoretical studies is that hexagon dominance

Introduction

Epithelial tissues consist of adherent cells that line the internal
and external surfaces of various metazoans. These cells are
classified by the presence of 3 major hallmark features. First,
epithelial cells show the asymmetric distribution of polarity
protein complexes on the plasma membrane (PM), thereby div-

iding it into the apical, lateral, and basal domains. These polar-
ity complexes are important for cell shape, tissue integrity, and
tissue remodeling (Bilder et al. 2000; Hayashi and Carthew 2004;
Letizia et al. 2013; Laprise and Tepass 2011). Second, epithelial
cells adhere to each other via junctional complexes that enable
them to form a leak-proof sheet that functions as a barrier to
seal off either an organism’s or an organ’s interior from the ex-
ternal environment. Third, epithelial tissues across metazoans
exhibit a polygonal cell shape distribution with a predominance
of hexagonal shapes. Though the functional and molecular de-
tails of polarity and junctions in epithelia have been extensively
laid out, their role in regulating hexagon dominance is not fully
understood.

results simply from surface energy minimization. Similar to the ar-
rangement of soap bubbles being driven by surface tension, epi-
thelial cells organize into a polygonal array by maximizing the
cell area in contact with the neighbors while minimizing the sur-
face area exposed to the environment. Additionally, asynchronous
divisions, cell mechanical properties defined by adhesion and con-
tractility, cellular rearrangements as well as global tissue level
forces have also been implicated in regulating this distribution
(Gibson et al. 2006; Farhadifar et al. 2007; Aegerter-Wilmsen et
al. 2010; Sugimura and Ishihara 2013). On the other hand, molecu-
lar factors that facilitate this energy-minimized organization are
just beginning to be explored. For example, lowered Drosophila
E-cad (DE-cad) turnover in endocytic mutants results in a decrease
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in the frequency of hexagons in Drosophila wing discs. DE-cad re-
cycling is, in turn, regulated by planar cell polarity (PCP) proteins,
therefore, an interplay of adhesion and PCP proteins regulates the
frequency of hexagons in wing disc epithelium (Classen et al. 2005;
Iyeretal. 2019). In human keratinocytes, loss of Myosinll activity in
ROCK1 and ROCK2 mutants also results in a low percentage of
hexagonally shaped cells (Kalaji et al. 2012). Cell shape index,
which is a measure of jammed epithelia, increases with the onset
of germ band extension on the increase of elongated and pen-
tagonal cells (Wang et al. 2020). These examples corroborate the
theoretical studies suggesting that molecules regulating adhesion,
contractility, and polarity could be important determinants of
hexagon dominance. However, how the temporal onset of polarity
correlates with the onset of hexagon dominance in epithelia is not
well understood.

Metazoan embryogenesis shows the onset of epithelial-like po-
larity and formation of a polygonal array and, therefore, provides
the opportunity to address the mechanisms that regulate the on-
set of hexagon dominance (Nance 2014). An analysis of the onset
of polygonal PM packing and the factors that determine this in
embryogenesis has not been characterized thus far. In this study,
we use the syncytial Drosophila blastoderm embryo to characterize
the temporal onset of polygonal packing and the role of polarity
and adhesion proteins in regulating its dynamics. Drosophila em-
bryogenesis begins with nuclear division cycles (NC) 1-8 occur-
ring deep in the interior of the embryo followed by nuclear
migration to the cortex during NC9 (Foe and Alberts 1983;
Miller et al. 1985). The arrival of the nuclei can be seen as buds
called caps at the cortex (Foe and Alberts 1983; Miller et al.
1985). The NCs10-14 occur in an almost synchronous manner
near the cortex without undergoing complete cytokinesis, there-
by, resulting in the formation of a syncytial blastoderm. The PM
is organized as circular caps in the interphase and converts to a
polygonal array with furrow extension, showing a cyclical be-
havior of circular to polygonal transition during each syncytial
division cycle (Dey and Rikhy 2020). Cytoskeletal and PM dynamics
help maintain a hexagon-dominated polygonal arrangement of
nuclei during these syncytial cycles (Kanesaki et al. 2011; Kaiser
et al. 2018; Lv et al. 2020).

The syncytial blastoderm embryo shows the asymmetric distri-
bution of various polarity and cytoskeletal proteins on the PM
(Schmidt and Grosshans 2018). To begin with, the Drosophila em-
bryo is cortically uniform at the preblastoderm stage. The first
cortical differentiation occurs during NC10 where the cortex is di-
vided into 2 domains during interphase; the cap and intercap re-
gions. The cap region is enriched in F-actin and actin-associated
proteins such as Arp2/3, SCAR, Moesin, ELMO, Sponge, and
a-spectrin, while the intercap region is marked by Myosin II,
Toll and Slam. The PM begins to be organized into a polygonal ar-
ray with furrow extension during syncytial division cycles 11 to
14. Particularly at metaphase (MP), the PM is segregated into 3
domains; apical, lateral, and basal domain. In the syncytial sys-
tem, the basal domain refers to the tip of the pseudocleavage
furrow. The lateral region is occupied by Canoe, Peanut (Pnut),
Scrambled, DE-cad, Bazooka (Baz), Dlg, and Toll; and the furrow
tip shows enrichment of PatJ, Amphiphysin, Anilin, Diaphanous,
and Syndapin (Pesacreta et al. 1989; Thomas and Williams 1999;
Foe et al. 2000; Stevenson et al. 2002; Zallen et al. 2002; Mavrakis
et al. 2009; Rikhy et al. 2015; Sherlekar and Rikhy 2016; Schmidt
et al. 2018; Schmidt and Grosshans 2018; Dey and Rikhy 2020).
Therefore, the syncytial Drosophila blastoderm embryo shows
molecular and morphological asymmetries in the PM along with
the formation of a polygonal array at MP during the syncytial

cycles. However, how these asymmetries impact the onset, dis-
tribution, and dynamics of the polygonal array remains to be
investigated.

In our previous study, we showed that the extension of the fur-
row in between adjacent nuclei leads to the onset of polygonal or-
ganization in syncytial division cycles 11 to 14 (Dey and Rikhy
2020; Sherlekar et al. 2020). In this study, we assess the role of po-
larity and adhesion proteins in regulating the polygonal PM organ-
ization on the increase in furrow extension and in MP of the
cortical syncytial cycles. We find that the PM of the embryo is or-
ganized as a hexagon-dominated polygonal array for the first time
in NC12 at the final furrow length achieved at MP. There is a de-
crease in the anisotropy of shapes and cell shape index with the
progression of the syncytial division cycles. DE-cad and Baz are
enriched at the edges while Peanut is enriched at the vertices in
these polygonal cells. DE-cad depletion leads to a short furrow,
loss of hexagon dominance, and an increase in cell shape index.
Baz and Pnut depletion also leads to a minor decrease in furrow
length, an increase in cell shape index, and a delay in hexagon
dominance when the furrow length increases in NC13. This is ac-
companied by the accumulation of key endocytic proteins and
DE-cad at the furrow.

Materials and methods
Fly stocks, crosses, and lethality estimation

Drosophila melanogaster stocks were raised in standard cornmeal
agar at 25°C and 29°C for RNAI experiments. Embryos obtained
from CantonS flies or CantonS flies crossed to maternal a-tubulin
Gal4-VP16 (mat-Gal4) or nanos-Gal4 (nos-Gal4) were used as con-
trol. The information on fly genes and stocks was obtained from
Flybase (Gramates et al. 2022). Maternal driver line mat67; mat15
carrying maternal a4 tubulin-Gal4-VP16 (obtained from Girish
Ratnaparkhi, IISER, Pune, India), homozygous for chromosome
Il and IIl was used for all RNAi and overexpression experiments
except for shg' for which nos-Gal4 was used. Baz RNAi (Bloomington
Stock number #35002), Pnut RNAI (#65157), DE-cad RNAI (#38207),
tGPH (#8163), UASp-Baz-GFP (#65845), endo-DE-cad-GFP (#60584),
and baz®°*#* lines were obtained from the Bloomington Stock
Center, Indiana, Bloomington, USA. ubi-cad-GFP was obtained
from the Maithreyi Narasimha lab from TIFR, Mumbai, India.
pnut™ FRTG13/CyO and UASp-Pnut-mCherry stocks were obtained
from Manos Mavrakis, Fresnel University, Marseilles, France. Baz
truncation domain constructs were obtained from Andreas
Wodarz, Goettingen University, Germany. Sqh-Sgh Cherry,
mat67-Gal4; ubi-DE-cad-GFP, mat15-Gal4/TM3Sb was obtained
from Adam Martin’s lab, MIT, Massachusettes, USA. Sqh-Sgh
GFP, mat67-Gal4 from Thomas Lecuit, IBDM, Marseilles, France.
F1 flies were put in a cage for egg collection to perform immu-
nostaining or live imaging. Germline clones of pnut” were made
by crossing ovo® FRTG13 males to hsflp; GlaBlc females to obtain
hsflp; ovo® FRTG13/GlaBlc males. These males were then crossed
to pnut®™® FRTG13/Cyo females. Larvae, pupae, and adults emer-
ging from this cross were heat-shocked at 37.5°C. hsflp; ovo®
FRTG13/pnut’® FRTG13 adults were then put in a cage to collect
embryos depleted of pnut. shg' was crossed to a single chromosomal
copy of nos-Gal4 and maintained at 18°C to lower the severity of
phenotype and obtain fertilized eggs to perform experiments. F1
flies expressing shg' with nos-Gal4 when grown at 25 or 29°C, laid
embryos that were arrested early in the pre-blastoderm stage of de-
velopment and, hence, the experiments were performed at 18°C to
allow for Gal4 dilution. This cross at 18°C gave enough embryos
that entered the syncytial cycles. The lethality of shg' embryos
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was 100% (n = 150) at 25°C and 29°C and 70% (n = 200) at 18°C after
24 hrs. The lethality of pnut' and baz' expressing embryos and pnut**
germline clones was 100% (n =300 embryos each).

Immunostaining

0-2.5 hr old embryos were collected on sucrose agar plates, washed,
and dechorionated with 100% bleach for 1 min. Embryos were fixed
using a 1:1 mixture of 4% paraformaldehyde in PBS and Heptane for
20 min. Fixed embryos were either hand-de-vitellinized for phal-
loidin staining or MeOH de-vitellinized, washed thrice in 1x PBST
(Ix PBS with 0.3% Triton x100), and blocked in 2% BSA
(Sigma-Aldrich, India) in 1x PBST for 1hr. Primary antibody
was then added at an appropriate dilution and incubated overnight,
followed by 3 1x PBST washes, and 1 hr incubation in appropriate
fluorescently coupled secondary antibodies at 1:1000 (Molecular
probes, Bangalore, India). Hoechst 33,258 was added for 10 min in
1x PBST. Finally, the embryos were washed 3 times in 1x PBST
and mounted in Slow fade Gold antifade reagent (Molecular
Probes). The primary antibodies used were: rabbit anti-Baz (1:1000
from Andreas Wodarz, Germany), mouse anti-Pnut (1:5, DSHB),
mouse anti-Dlg (1:100 DSHB), rabbit anti-Patj (1:1000 from Hugo
Bellen, USA), rat Sep1 (1:250 from Manos Mavrakis, France), guinea
pig Sep2 (1:250 from Manos Mavrakis, France), rat anti-DE-cad (1.5,
DSHB), guinea pig anti-Rab5 (1:500 from Akira Nakamura, Japan)
(Tanaka et al. 2021), mouse anti-Dynamin (1:200 BD Transduction
Laboratories). DNA was stained with Hoechst 33258 (1:1000,
Molecular Probes, Bangalore, India).

Live imaging of Drosophila embryos

1-1.5 hr old embryos expressing the membrane marker tGPH or
Sqh-GFP or Sgh-mCherry; DE-cad-GFP were collected and dechor-
ionated with 100% bleach for 1 min and mounted on coverslip-
bottomed LabTek chambers (Mavrakis et al. 2008). The chambers
were then filled with 1x PBS and imaged on Zeiss Plan Apochromat
40X/1.4 NA oil objective.

Microscopy

Live or fixed embryos were imaged on any of the following laser
scanning confocal microscopes: Zeiss LSM710, LSM780, and
Leica SP8. The 40x objective with NA 1.4 was used to image living
and fixed embryos. The Argon laser was used to image GFP in
tGPH, DE-cad-GFP, Baz-GFP, and Sgh-GFP. The Diode 561 laser
was used to image the Sgh-mCherry and Pnut-mCherry. Care
was taken to maintain the laser power and gain with the range in-
dicator mode such that the 8-bit image acquired did not show any
saturation and was within the 0-255 range. Averaging of 2 was
used for both fixed and live imaging. Images were acquired with
an optical section of 1.08 microns in all except F-actin stainings,
where an optical section of 0.34 microns was used.

Embryo lethality

3—4 hr old embryos were collected, washed, and arranged into a
10 x 10 matrix on a sugar-agar plate using a brush. The number
of unhatched embryos was counted after 24 hrs. This procedure
was repeated 3 times for each genotype tested.

Quantification and statistical analysis
Image quantification

Polygon analysis. The most taut and bright grazing section from
MP (usually at the base of the furrow) of each NC per embryo was
used to quantify polygons using the Packing analyzer software

(Benoit Aigouy, Classen et al. 2005). The software allows the seg-
mentation of the PM surrounding each cell (Fig. 1a). Note that the
segmented edges have curved edges similar to the actual images.
The cell area and perimeter are estimated from each cell in the ren-
dered image. The image is color-coded according to polygon type. It
isimportant to note that represented color-coded polygon-rendered
images contain straight edges. The output is available in an Excel
sheet with the area, perimeter, and polygon type of each cell in
the field. Three or more embryos were used per NC and all the cells
in the field were analyzed this way to obtain the polygon distribu-
tion per cycle.

Quantification of cell shape index

Based on the cell segmentation data obtained from the Packing
analyzer software (Fig. 1a) and from the area (A) and perimeter
(P) data obtained as an output, cell shape index was calculated
using the formula: P/v/A (Bi et al. 2015). It is important to note
that the cell shape index is estimated from the segmented images
and not the color-coded images used to document the polygon dis-
tribution shown in each figure. Three or more embryos were used
foreach NC and all the cells in the field were analyzed to calculate
the average cell shape index.

Quantification of relative fluorescent signal across
the depth and in planar sections of the plasma
membrane

The grazing sections at MP across depth expressing various polarity
proteins were used for this analysis. A region of interest (ROI) was
drawn at 5 edges and 5 vertices for MP11, and 10 edges and 10 ver-
tices for MP12-13, in each optical section from apical to basal sec-
tions. Optical sections were taken at approximately 1 pm depth
across the entire furrow. The mean intensities from these ROIs
were measured using Image]J (Schneider et al. 2012). The intensities
from each stack were background subtracted. The graphs shown in
Fig. 2 represent mean intensities obtained across the depth of the
furrow normalized to the mean intensity of the apical-most optical
section in NC11.

Quantification for Sep1 and Sep2 was done by creating 5 ROIs on
the edge and the vertex as mentioned above. The mean intensities
were normalized by dividing by the mean intensity of the entire field.

Enrichment in the basal furrow region and edge/vertex was
computed by performing statistical analysis for the fluorescence
values on the length of the furrow using 2-way ANOVA to test
how the intensity of signals varied with either edge/vertex or ap-
ical/basal regions of the furrow.

The change in the fluorescence intensity at the furrow mem-
brane was estimated at MP11, MP12, and MP13 by measuring 5 dif-
ferent ROIs corresponding to the furrow membrane and divided
by the fluorescence in the neighboring cytosol.

Quantification of the MP furrow length

Metaphase furrow lengths were quantified from the orthogonal
sections for different time points and NCs using the Zen Blue soft-
ware. Five to eight furrows were measured per time point per em-
bryo. These lengths were further confirmed with the number of
z-stacks taken to cover the entire furrow length of syncytial cells
in the field of view.

Quantification of fluorescence from antibody
stainings

Baz, Pnut, DE-cad, Dynamin, and Rab5 antibody and DE-cad-GFP
staining were quantified by estimating the fluorescence at 5
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Fig. 1. Hexagon dominated PM organization emerges in NC12. Schematic showing the syncytial Drosophila blastoderm embryo in interphase beingimaged
by an objective at the bottom on an inverted confocal microscope. The zoomed inset shows sagittal and XY views of syncytial cells in both interphase and
MP turned 180° with the PM at the top. XY views are the cross-sections along the MP furrow at a length represented by the dotted lines. The PM shows
polygonal organization in MP. The right-hand side of the schematic shows the pipeline for image analysis. The acquired fluorescent images are
segmented in packing analyzer for obtaining cell boundaries which are used to estimate the cell shape index. Note that the cells have wavy edges in the
MP13 image shown. The cells at the edges are omitted for calculations. The segmented images are rendered for estimation of polygon distribution across
the MP10-14. Note that the representation has straight edges rendered in the polygon distribution images (a). Grazing sections of atub84B-tGPH
expressing embryos from MP10-13 and NC14, tGPH labels the entire membrane in MP10-13 and enters the nucleus in NC14 in addition to being at the PM
(b). Color-coded polygon rendering of the respective images in B using the packing analyzer software (c). Quantitative analysis of polygon distribution in
MP11-13 and NC14 (n = 20-60 cells from NC11-14 per embryo, 4 embryos). Each curve represents a single NC (d). Pentagons and hexagons are compared
using the unpaired, 2-tailed, Student’s t test. Data is represented as mean + SEM, *P <0.05, ™P < 0.01, and **P <0.001. Graph shows the average shape
index of all the cells in the field for control embryos (e) (n = 20-60 cells from MP11-13 and NC14 per embryo, 4 embryos). Data is represented as mean +
SEM, *P <0.05, *P < 0.01, and **P < 0.001, 2-tailed, unpaired Student’s t-test. Scale bar: 5 pm.

furrow membranes from each embryo as compared to the cytosol hexagons to pentagons in each NC per genotype to determine
in controls and mutants at the same stage. hexagon dominance.

Statistical analysis

All data are represented as mean + SD or SEM. Statistical signifi- Results .

cance was determined using the 2-tailed, unpaired, Student’s Onse.t of hexagon-doml.nated plasma memb_rane
t-test in most cases, to compare between 2 means. One-way arChlte.Cture occurs during nuclear cycle 12 in
ANOVA was used when comparing 3 or more means together, Syncytlal DTOSOphlla blastoderm embryos

with Dunnett’s Multiple Comparison Test as a post-test to com- To assess the syncytial NC at which optimal packing and hexagon-
pare all means to control. Student’s t-test was used to compare dominated polygon organization emerge during the syncytial
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Fig. 2. DE-cad, Baz and Pnut show polarized distribution in the syncytial cells. a-b) Distribution of atub84B-tGPH (a: MP11, a’: MP12 and a”: MP13),
endo-DE-cad-GFP (b: MP11, b’: MP12, and b”: MP13), matatub-Gal4; Baz-GFP (c: MP11, ¢’: MP12, and ¢”: MP13) and matatub-Gal4; Pnut-mCherry (d: MP11, d":
MP12, and d”: MP13) in grazing and sagittal views in syncytial MP11-13. The Jet rainbow scale from Image] is used to show fluorescent intensities. tGPH
labels the entire PM, DE-cad is enriched at edges in MP13 (a”-b” insets show zoomed-in images), Baz is enriched at edges MP11 onward while Pnut is
enriched on the vertex MP12 onward (c”-d” insets show zoomed in images). e-h) Quantification of intensities normalized to the apical section of NC11 in
edges (black) and vertices (gray) along the MP furrow length for atub84B-tGPH (E: NC11, E': NC12, E”: NC13), endo-DE-cad-GFP (F: MP11, F: MP12, F": MP13),
matatub-Gal4; Baz-GFP (G: MP11, G': MP12, G": MP13’), and matatub-Gal4; Pnut-mCherry (H: MP11, H": MP12, H": MP13) in NC11-13 (n =3 embryos each).
iand j) Schematic representing the polarized localization of proteins in XZ and XY planes. Asymmetric distribution of DE-cad, Baz, and Pnut between
edges and vertices in the XY plane (i). Asymmetric distribution of DE-cad, Baz, and Pnut across MP11-13 along the apico-basal axis in the XZ plane

(). While DE-cad spreads all across the length, Baz, and Pnut are enriched in the basal part of the furrow region. The scatter plots contain a line
connecting the means, *P < 0.05, P <0.01, and **P < 0.001, 2-way ANOVA with Bonferroni post-tests. The stars show significance between edge and
vertex intensities at the indicated length based on the post test. Scale bar =5 pm. The zoomed-in insets show a scale bar of 2 ym.
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blastoderm development, we performed live imaging of tGPH
(atub84B-tGPH) expressing embryos. tGPH contains the PH domain
of GRP fused to GFP (GPH). The tGPH PH domain binds phospho-
lipid PIP3 and labels the PM uniformly in the syncytial Drosophila
embryo (Britton et al. 2002; Sherlekar and Rikhy 2016; Dey and
Rikhy 2020). We used the packing analyzer software to segment
the polygonal array to estimate the polygon distribution and the
shape index from the MP stage of NC10, 11, 12, and 13 and in
the interphase of NC14 (referred to as MP10, MP11, MP12, MP13,
and NC14, respectively) (Fig. 1a). The nucleo-cytoplasmic do-
mains seen as caps at the cortex were relatively far apart in
MP10 (Fig. 1b, Supplementary Video 1). The furrow length in-
creases during each cycle from NC11 to 13 from interphase to
MP in between adjacent nucleo-cytoplasmic domains and it
reaches a maximum in MP13 (Foe and Alberts 1983; Holly et al.
2015; Xie and Blankenship 2018; Dey and Rikhy 2020). During
Drosophila embryogenesis, the PM was organized into a polygonal
array for the first time in NC11 (Fig. 1b). The polygonally organized
PM in MP13 and NC14 was more taut as compared to MP11 and
MP12. MP11 showed almost equal numbers of pentagons and
hexagons in the polygonal array. The polygonal array then be-
came dominated by hexagons in MP12. This hexagon dominance
persisted in MP13 and NC14 (Fig. 1c and d). While observing the
onset of the formation of the polygonal array, we noted that edges
formed before vertices in NC11 (Supplementary Fig. 1a).

A theoretical framework for confluent epithelial monolayers
defines a non-dimensional parameter called the shape index esti-
mated from the ratio of the perimeter and area of each cell as a
predictor of tissue material properties (see materials and meth-
ods) (Bi et al. 2015; Park et al. 2015). Below a critical value of
3.81, the tissue becomes jammed or solid-like with cells displaying
isotropic shapes and being caged within their radii (Bi et al. 2015).
In Drosophila germ band extension, the tissue elongation phase
shows an increase in anisotropic cell shapes and an increase in
cell shape index along with an increase in the fraction of penta-
gons (Wang et al. 2020). We estimated the cell shape index in
MP11, MP12, MP13, and NC14 from the perimeter and area output
from segmented images from the movies of embryos expressing
tGPH (Fig. 1e). First, we found that the cell shape index was greater
than 3.81in MP11, MP12, MP13, and NC14 suggesting that the syn-
cytial epithelium at MP has a more fluid-like property. Additionally,
we found that there was a decrease in the cell shape index from
MP11 (average of 4.67) to MP12 (4.28) to MP13 (4.14) and NC14
(4.19). This result is consistent with the observations in a previous
study in mammalian epithelial cells that show a decrease in the
shape index with an increase in cell density with proliferation
(Vishwakarma et al. 2020). This shows that the PM organization
in the syncytial Drosophila embryo in MP forms a soft network
that could facilitate the fast dynamics of cellular organization
seen in each syncytial cycle. It also suggests that with each division
cycle, the cell shapes become more isotropic and the system moves
closer to a more rigid or solid-like phase.

Similar to previous studies (Holly et al. 2015; Dey and Rikhy
2020), we found that the furrow length increases across syncytial
cycles 11 to 13 and was approximately 7 ym in MP11, 9 um in
MP12 and 11 um in MP13 with tGPH. Our previous studies show
that the onset of polygon architecture occurs at the furrow length
of approximately 6 um during each syncytial division (Dey and
Rikhy 2020). Therefore, we analyzed the polygon distribution at a
lower length of approximately 6.5 pm in NC12 and NC13 when pol-
ygonal architecture was visible across the embryo. We found that
at this lower furrow length in NC12, the average number of penta-
gons was more than hexagons but this was not statistically

significant, whereas in NC13 hexagons were dominant at 6.5 pm
(Supplementary Fig. 1b-d). Therefore, hexagon dominance was
first seen in NC12 at increased furrow lengths in MP (furrow length
9 um) and hexagon dominance was already seen at the short fur-
row length of 6.5 um in NC13. The cell shape index was significant-
ly increased at 6.5um in the NC12 (4.38) and NC13 (4.25) as
compared to the longest furrow length in MP (Supplementary
Fig. 1le). Together, these data show that epithelial-like hexagon
dominance first occurs in syncytial NC12 at longer furrow lengths
in MP, even before complete cells are formed in the Drosophila
blastoderm embryo. Coincident with an increase in hexagons,
the cell shape index decreases indicating a more stable epithelial-
like network. This organization is also consistent with the observa-
tion of nuclel present in a hexagon-dominated polygonal array
shown previously (Kanesaki et al. 2011; Kaiser et al. 2018).

DE-cadherin, Bazooka, and Peanut are
asymmetrically distributed along the furrow
in the Drosophila syncytial blastoderm

Since the syncytial embryo PM was organized into an epithelial-
like polygonal array starting from NC11 and became hexagon
dominant during NC12 with an increase in furrow length, we
tested if polarity proteins were progressively enriched in the lat-
eral furrows from NC11 to NC13. DE-cad and Baz have been found
in the syncytial furrow and form apical spot junctions in cellular-
ization (Harris and Peifer 2004). To characterize the temporal dis-
tribution of DE-cad and Baz as compared to tGPH in NC11-13, we
performed live imaging of embryos expressing DE-cad-GFP under
the endogenous promoter (Huang et al. 2009) and Baz-GFP in con-
trol and mutant backgrounds with matatub-Gal4 (Benton and St
Johnston 2003). The PM in epithelial cells shows a distinct distri-
bution of proteins along tricellular junctions, which function in
sealing the intercellular space (Schulte et al. 2003; Ikenouchi et
al. 2005); as well as along the lateral domain. We quantified the in-
tensity of the fluorescently tagged DE-cad and Baz and the PM
marker tGPH in edges and vertices of the polygonal array along
with different optical sections along the length of the furrow in
MP11, MP12, and MP13 (Fig. 2a—c). The total intensities obtained
at the furrow were plotted as a fold change with respect to the ap-
ical section of NC11 in each embryo (Fig. 2e-g). tGPH was distrib-
uted evenly across the furrow in edges and vertices and marked
the entire length of the furrow in the lateral views (Fig. 2a-a”,
e-e”). For DE-cad, we quantified the intensities using the
DE-cad-GFP expressed at the endogenous gene location (Huang
et al. 2009). We found that DE-cad was uniform across edges
and vertices in MP11 and MP12 and was enriched at edges in
MP13 (Fig. 2b-b”, f-f"). DE-cad was present along the entire MP
furrow in MP11 and MP12, while in MP13 it was enriched in
the basal part of the furrow from 7 to 10 um (Fig. 2b-b”, f-f").
For Baz-GFP, we have expressed the GFP in the control and mu-
tant (baz®%*®%) background with matatub-Gal4 (see materials
and methods, Fig. 2 and Supplementary Fig. 2). Baz-GFP was
present along the entire membrane with enrichment at edges
in MP12 and MP13 when present in the control and mutant
background (Fig. 2c-c”, Supplementary Fig. 2e). Baz was en-
riched at the furrow between 2 and 5 um in MP11 and toward
the basal part of the furrow from 4 to 6 pm in MP12 and from
6 to 10 um in MP13 (Fig. 2c-c”, g-g").

The septin family proteins Pnut, Sep1, and Sep2 were also stud-
ied because Pnut is present at the furrow in syncytial stages and
functions in actin organization and furrow extension
(Silverman-Gavrila and Silverman-Gavrila 2008). Pnut-mCherry
(Guillot and Lecuit 2013) expressed in control embryos was used
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to assess the distribution of Pnut on the membrane in edges and
vertices and along the length of the furrow across the syncytial cy-
cles. Pnut was present throughout the membrane and was en-
riched at vertices in MP11. Pnut was concentrated toward the
basal part of the furrow at 5-8 pm in MP12 and 5-10 pm in MP13
(Fig. 2d-d”, h-h"). Vertex enrichment was also observed for Sep1
and Sep2 using Sepl-GFP, Sep2-GFP (Supplementary Fig. 2a-d).
Immunostainings against endogenous Sepl and Sep2 showed an
increase at vertices (Supplementary Fig. 2a-d). Pnut was also
found to be enriched at vertices in immunostainings against the
endogenous protein (Supplementary Fig. 3a).

We estimated the fold change of total DE-cad, Baz, and Pnut
fluorescence on the PM across the syncytial cycles as compared
to MP11 (Supplementary Fig. 2e and f). We found that DE-cad suc-
cessively increased from MP11 to MP12 to MP13 (Supplementary
Fig. 2f). Pnut-mCherry was present at a significantly higher inten-
sity on the furrow membrane in MP13 as compared to MP11 and
MP12 (Supplementary Fig. 2f). Baz was present at a higher inten-
sity in NC12 as compared to NC11 when Baz-GFP was expressed
in the control and mutant background. Baz did not change signifi-
cantly from MP12 to MP13 in both the control and the baz***** mu-
tant background (Supplementary Fig. 2f). This progressive
increase in the distribution of DE-cad, Baz, and Pnut across the
syncytial cycles implied a function of these proteins in the forma-
tion and stabilization of furrows along with polygonal architec-
ture. The syncytial PM showed asymmetries in the planar axis of
the polygon at edges (DE-cad, Baz) and vertices (Pnut) and enrich-
ment of proteins along the base of lateral furrow from MP12 to
MP13 (Fig. 2i and j).

DE-cad regulates both Baz and Pnut distribution
and Baz regulates Pnut distribution at the
syncytial furrow membrane

Since polarity proteins are known to regulate cell shape and hexa-
gon dominance, we dissected the role of DE-cad, Baz, and Pnut on
furrow formation and hexagon dominance. We first investigated
their loss-of-function effects on the distribution of the polarity
proteins in the syncytial cycles. We assessed the role of DE-cad
in the recruitment of Baz and Pnut by maternally expressing
DE-cad RNAi (shgl). Similar to our previous studies, DE-cad deple-
tion showed a decrease in DE-cad immunostaining as compared
to controls (Fig. 3a) (Dey and Rikhy 2020). DE-cad-depleted em-
bryos also showed a significant decrease in the localization of
Baz and Pnut on the syncytial furrows and an increase in their
cytoplasmic distribution (Fig. 3b-d). The enrichment of Pnut at
vertices as compared to controls was not seen upon DE-cad deple-
tion (Fig. 3b).

Next, we assessed the role of Baz on Pnut distribution by mater-
nally expressing baz RNAi (baz!) (see Material and methods for de-
tails). Baz protein levels as assessed by an antibody against the
N-terminus of the protein (Wodarz et al. 1999) were lower in these
embryos as compared to controls (Fig. 3e and f). Interestingly, with
the knockdown of Baz, Pnut was also lowered (Fig. 3e and g) sug-
gesting a possible role of Baz in the stabilization of Pnut on the
membrane. To determine the effect of the loss of Pnut on Baz
and Pnut localization, we generated germline clone embryos of
null mutants of Pnut (pnut**) (Neufeld and Rubin 1994). pnut** em-
bryos showed a significant reduction of Pnut while Baz localization
remained unaffected (Fig. 3e-g). Thus, the presence of Pnut was
not important for Baz localization on the syncytial PM.

To further verify if Pnutlocalization depended on Baz association
with the syncytial PM, we maternally overexpressed truncated
transgenes of Baz containing the N terminus oligomerization

domain or the C terminus phospholipid membrane-binding do-
main fused to GFP. A GFP-tagged C-terminal truncation mutant
of Baz, BazA969-1464-GFP, which is defective in PM recruitment
(Krahn et al. 2010) was expressed maternally in the presence of
wild-type protein. The GFP fluorescence pattern could be used
to ascertain the distribution of the truncated transgene and the
antibody against the N terminus could be used toidentify the dis-
tribution of the total Baz protein. BazA969-1464-GFP showed a
cytosolic pattern in the MP stage of NC13 showing that the C ter-
minal truncation leads to loss of association with the furrow. Baz
antibody staining against the N-terminus of the protein also
showed an increased cytosolic distribution and a diffused mem-
brane localization as compared to controls (Supplementary Fig.
3a and b). Since Baz forms oligomers in vivo (Benton and St
Johnston 2003), we speculate that the N-terminal domain oligo-
merizes in this overexpression mutant, leading to the reduction
of Baz from PM and an increase in the cytosol, in addition to
the attenuated levels of Pnut. On the other hand, when a
GFP-tagged Baz N-terminal truncation mutant, BazA1-904-GFP
was maternally overexpressed, both the truncated and endogen-
ous Baz could localize on the membrane. Pnut distribution was
weaker than that seenin controls butit was present on the mem-
brane (Supplementary Fig. 3a and c). Thus, the C-terminal do-
main of Baz was important not only for its own recruitment on
the PM but also for Pnut membrane localization.

In summary, these observations show that DE-cad regulates
the recruitment of Baz and Pnut, and Baz, in turn, regulates the
distribution of Pnut on the syncytial furrow.

DE-cad, Baz, and Pnut-depleted embryos show
decreased furrow length and skewed polygon
distributions

So far we found that DE-cad, Baz, and Pnut distributed asymmet-
rically on the syncytial furrow PM (Fig. 2). Further, DE-cad deple-
tion led to decreased levels of Pnut and Baz, while Baz depletion
reduced the levels of Pnut on the syncytial furrow (Fig. 3).
Previous reports show that DE-cad and Pnut loss leads to shorter
MP furrows (Silverman-Gavrila et al. 2008; Sherlekar and Rikhy
2016; Dey and Rikhy 2020). Therefore, we further assessed the fur-
row length, polygon distribution, and cell shape index in DE-cad,
Baz, and Pnut-depleted embryos. We found that shg'-expressing
embryos showed a significant decrease in furrow length in
MP11, MP12, and MP13 as compared to control tGPH embryos.
baz" and pnut! expressing embryos showed a slight decrease in fur-
row length in MP11 and MP12 but not in MP13 (Fig. 4a and b,
Supplementary Video 2-4). The furrow length in shg' was approxi-
mately 6 in MP12 (approximately 34% decrease as compared to
control which is approximately 9 pm) and approximately 9 in
MP13 (approximately 30% decrease as compared to control which
is approximately 13 um). The furrow lengths in baz' decreased to
approximately 6 and pnut' decreased to approximately 7 in the
MP of NC12 (approximately 22% decrease as compared to control
which is approximately 9 um) (Fig. 4a and b). The furrow lengths in
baz! and pnut' expressing embryos were longer in MP13 than MP12.
The average furrow length reached approximately 11 um and was
not statistically different from control embryos (Fig. 4a and b). shg'
embryos showed shorter furrow lengths than the control in MP12
and MP13, and baz and pnut knockdowns especially in MP13
(Fig. 4a and b). Double depletion of Baz and Pnut also showed a de-
crease in furrow length similar to each of the single depletions
(Supplementary Fig. 4d and e). We found that the rates of furrow
ingression between Baz and Pnut depleted embryos were similar
to controls (Supplementary Fig. 4c).
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Fig. 3. DE-cad, Baz, and Pnut knockdown embryos show differential loss of polarity proteins at the MP furrow. a-d) DE-cad loss results in the lowering of
DE-cad, Baz, and Pnut from the membrane. DE-cad is lowered in shg' embryos. nos-Gal4/+ (n = 10) and nos-Gal4; shg' (shg') (86% show loss of DE-cad, n = 21)
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per embryo, 4 embryos) and Pnut (d) (n = 4-5 cells per embryo, 3 embryos) are both lowered in shg' embryos (94% show loss of Baz and Pnut, n = 16). Scale
bar: 5 pm. e-g) Baz loss results in a decrease of Pnut on the membrane. matatub-Gal4/+ (n = 20), matatub-Gal4; baz' (baz'), and pnut*" (germline clone
embryos, see Materials and methods) embryos co-stained with Baz and Pnut in MP13. baz' shows a decrease in Baz and Pnut (100% loss of Baz and Pnut, n
=20) and pnut®® shows the loss of Pnut (100% show loss of Pnut, n =17) while Baz (100% embryos show no defect in Baz,
n =11) is unaffected (e). Graphs showing the quantification of Baz and Pnut intensities on the membrane using membrane to cytosol ratios in baz'
and pnut®® embryos. Baz is lowered in baz' (n = 5 cells per embryo, 4 embryos) but not in pnut** embryos (n = 4-5 cells per embryo, 4 embryos) (f). Pnut is
lowered in both baz' (n = 4-5 cells per embryo, 4 embryos) and pnut® embryos (n =5 cells per embryo, 3 embryos) (g). Data is represented as mean + SD,
*P <0.05, P < 0.01, and **P < 0.001, 2-tailed, unpaired Student’s t test. Each point in the graph represents the membrane to cytosol ratio of the respective
protein in syncytial cells across various embryos. Scale bar: 5 um.
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We analyzed the polygonal distribution in DE-cad, Baz, and
Pnut knockdown embryos in MP12 and MP13 by live imaging mu-
tant embryos expressing tGPH, or with phalloidin staining. To as-
sess the effect of DE-cad loss on polygonal distribution, we
quantified the polygon types from the MP of shg' live movies ob-
tained with tGPH in the background. shg' embryos showed penta-
gon dominance at MP12. The percentage of pentagons was
significantly higher than hexagons in MP12 in shg!, unlike control
embryos which display hexagon dominance (Fig. 4c—e). shg' ex-
pressing embryos showed a significant increase in pentagons in
MP13 and there was no significant difference between pentagons
and hexagons in MP13 as compared to hexagon dominance seen
in control embryos (Fig. 4f-h). shg' expressing embryos showed
ruffled membranes as opposed to the taut and sharp membranes
in the controls. The tGPH fluorescence at the furrow membrane
was spread over a larger area as compared to control embryos
(Supplementary Fig. 4a and b, Supplementary Video 4). Since con-
trol embryos showed hexagon dominance at MP and notat 6.5 pm
in NC12 (Supplementary Fig. 1), the loss of hexagon dominance in
shg' expressing embryos is likely to be due to loss of adhesion
thereby leading to decreased furrow stability and length in MP12
and MP13. The cell shape index also increased in shg' expressing
embryos (4.62 in MP12, 4.44 in MP13) as compared to controls
(4.28in MP12 and 4.14 in MP13) in MP12 and MP13 thereby indicat-
ing a shift to a more unstable or fluid network (Fig. 4h).

baz! expressing embryos and pnut*® germline clone embryos
(Fig. 4i-o) stained with fluorescently coupled phalloidin showed
a significant increase in the frequency of pentagons and loss of
hexagon dominance in MP12 as compared to controls (Fig. 4i, j
and m). However, the hexagon dominance was similar to controls
in MP13 (Fig. 4k-m). The cell shape index was increased in
Baz-depleted embryos as compared to controls (4.44 in MP12
and 4.28 in MP13 as compared to controls 4.33 in MP12 and 4.16
in MP13) (Fig. 4n). The cell shape index was increased in
Pnut-depleted embryos as compared to controls (4.47 in MP12
and 4.34 in MP13) (Fig. 4n). Overexpression of the Baz oligomeriza-
tion domain (BazA969-1464-GFP) that lowered Baz and depleted
Pnut from the membrane also showed loss of hexagon dominance
in MP12 and not in MP13 (Supplementary Fig. 5a-d). However, the
cells were better organized as compared to baz' and the cell shape
index was almost similar to controls in these embryos suggesting
that the expression of the oligomerization domain caused a less
severe defect as compared to bazl (Supplementary Fig. 5d).
These data together showed that this decreased furrow length
in MP did not support the organization of the PM in a hexagon
dominated polygon array and in baz' and pnut expressing embryos
similar to controls at 6.5 um (Supplementary Fig. 1). This is further
corroborated by the observation that hexagon dominated polygon
organization recovered in MP13 of baz' and pnut! expressing em-
bryos, which also showed longer furrow lengths similar to control
MP13. However, the cell shape index remained higher and the net-
work remained more unstable in baz' and pnut' expressing em-
bryos as compared to controls (Fig. 4k-n).

Therefore, our data shows that the decrease in furrow length
seen upon loss of DE-cad, Baz, and Pnut s likely to cause a decrease
in its stability as suggested by the increase in cell shape index, and
loss of hexagon dominance in syncytial Drosophila embryos.

Recovery of hexagon dominance in Bazooka and
Peanut mutant embryos occurs during syncytial
cycle 13 with furrow extension

Hexagon dominance was seen in the syncytial Drosophila embryo
on an increase in furrow length at MP in NC12 as well as at shorter

furrow lengths of 6.5 um in the prophase of NC13 (Supplementary
Fig. 1b-d). Therefore, we analyzed whether hexagon dominance
could also occur at shorter furrow lengths of 6.5 ym in NC13 in
Baz and Pnut knockdown embryos. Since the predominant cell
shapes in the syncytial embryos were hexagons and pentagons,
we plotted the distribution of polygons and the ratio of pentagons
to hexagons in controls, Baz, and Pnut depleted embryos, with re-
spect to furrow length, from live movies of embryos expressing
tGPH. For control embryos, we found that hexagon dominance
was present when the polygonal array was established in NC13
at 6.5 pm in prophase and remained until MP (MP13). However,
Baz and Pnut depleted embryos showed pentagon dominance
at the furrow length of 6.5 pm in NC13, and hexagon dominance
at the maximum furrow length in MP of NC13 (MP13) (Fig. 5a—e).
The ratio of pentagons to hexagons increased in Baz and Pnut
depleted embryos at 6.5 um in NC13 and was significantly higher
than controls (Fig. 5f) whereas at MP13, the ratio of pentagons to
hexagons was not significantly different from controls (Fig. 5f).
The cell shape index remained slightly higher than controls in
both NC12 and NC13 at 6.5 pm and at MP (Fig. 5g). In summary,
hexagon dominance occurred in NC13 in both Baz and Pnut
knockdown embryos at longer furrow lengths in MP. It is pos-
sible that increased recruitment of polarity and adhesion com-
plexes occurred at increased furrow length and this allowed
the furrow to stabilize and get organized as a hexagon-dominant
polygon array.

Bazooka and Peanut depleted embryos show an
increase in DE-cadherin at the furrow

Furrow formation was affected in embryos depleted of DE-cad
possibly due to lack of adhesion and stabilization of furrows.
Unlike Baz- and Pnut-depleted embryos that show a delay in the
onset of hexagon dominance, we found that loss of DE-cad led
to the loss of hexagon dominance in both MP12 and MP13. We
tested if DE-cad levels changed in Baz- and Pnut-depleted em-
bryos. We hence imaged DE-cad distribution in live and fixed
Baz- and Pnut-depleted embryos. DE-cad levels were estimated
in Baz- and Pnut-depleted embryos by immunostaining for
DE-cad using an antibody (Fig. 6) and expressing ubi-DE-cad-GFP
in these embryos (Supplementary Video 5-7). Immunostaining
with a DE-cad antibody showed that DE-cad levels increased on
the furrow in MP12 and MP13 in Baz and Pnut depleted embryos
as compared to controls (Fig. 6a—c). Baz and Pnut depleted em-
bryos expressing DE-cad-GFP did not show a significant change
in DE-cad-GFP fluorescence as compared to controls in MP12
(Supplementary Video 5-7). However, 50% of these embryos
showed an increase in DE-cad-GFP fluorescence as compared to
controls (Fig. 6d and f). DE-cad-GFP levels were significantly in-
creased in MP13 in Baz and Pnut depleted embryos as to controls
(Fig. 6e and f). In summary, we observe that DE-cad depletion
leads to loss of hexagon dominance (Fig. 3) whereas Baz- and
Pnut-depleted embryos showed hexagon dominance in MP13 at
higher levels of DE-cad as compared to controls (Figs. 4 and 7). It
is interesting to note that increased DE-cad in MP12 did not sup-
port hexagon dominance in the absence of Baz and Pnut.

Baz- and Pnut-depleted embryos show an
increased accumulation of Dynamin and Rab5

at the furrow membrane

Polarity proteins are known to regulate endocytosis at the PM
(Shivas et al. 2010). The levels of DE-cad at the PM will change
based on the rates of endocytosis. DE-cad endocytosis in-
creases in Drosophila tracheal tissues during active remodeling
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respective color-coded polygon renderings (d). e-g) Baz and Pnut knockdowns show a length-dependent recovery of hexagon dominance at NC13. Graph
showing the polygon distribution of control, baz' and pnut' embryos at NC13 at a short furrow length of 6.5 um and at MP (e). Graph showing the pentagon
to hexagon ratio of control, baz' and pnut! embryos at NC13 at a short furrow length of 6.5 um and at MP (f). Data is represented as mean + SEM, *P < 0.05,
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embryos at NC13 at a short furrow length of 6.5 pm and at MP (g). Data is represented as mean + SD, *P < 0.05, **P < 0.01, and ***P < 0.001, 2-tailed, unpaired

Student’s t-test. Scale bar =5 pm.

(Shindo et al. 2008). DE-cad is present at higher levels at the PM in
notum epithelial cells when endocytosis decreases in Par6 and
aPKC mutants (Georgiou et al. 2008). Dynamin-mediated endo-
cytosis is important for furrow extension in the syncytial blasto-
derm embryo (Rikhy et al. 2015). Increased accumulation of
Dynamin at the furrow in temperature-sensitive mutants of
Dynamin, shibire, shows decreased endocytosis and accumulation
of DE-cad at the furrow (Rikhy et al. 2015). Since DE-cad increased
in levels at the furrow in Baz- and Pnut-depleted embryos in MP12
and MP13, we assayed for distribution of Dynamin and early endo-
some protein Rab5 at the furrow in Baz- and Pnut-depleted em-
bryos. We immunostained Baz and Pnut depleted embryos with

Dynamin (Rikhy et al. 2015) and Rab5 (Tanaka et al. 2021) anti-
bodies along with phalloidin and quantified the extent of change
of fluorescence at the furrow as a ratio to the adjacent cytoplasm
in MP12 and MP13. Dynamin is localized weakly at the furrow
marked with phalloidin in control embryos in MP12 and MP13
(Fig. 7a and b). We found that there was an increase in Dynamin
fluorescence at the furrow in the form of distinct punctae and in
the cytoplasm in both Baz and Pnut depleted embryos (Fig. 7a
and b). We specifically quantified the increase in Dynamin fluores-
cence at the furrow marked by phalloidin as a ratio to the cyto-
plasm and found that there is a significant increase at the furrow
in MP12 and MP13 in Baz- and Pnut-depleted embryos (Fig. 7c).


https://identifiers.org/bioentitylink/FB:FBgn0003392?doi=10.1093/genetics/iyad184
https://identifiers.org/bioentitylink/FB:FBgn0000163?doi=10.1093/genetics/iyad184
https://identifiers.org/bioentitylink/FB:FBgn0000163?doi=10.1093/genetics/iyad184
https://identifiers.org/bioentitylink/FB:FBgn0013726?doi=10.1093/genetics/iyad184
https://identifiers.org/bioentitylink/FB:FBgn0013726?doi=10.1093/genetics/iyad184
https://identifiers.org/bioentitylink/FB:FBgn0000163?doi=10.1093/genetics/iyad184
https://identifiers.org/bioentitylink/FB:FBgn0013726?doi=10.1093/genetics/iyad184
https://identifiers.org/bioentitylink/FB:FBgn0000163?doi=10.1093/genetics/iyad184
https://identifiers.org/bioentitylink/FB:FBgn0013726?doi=10.1093/genetics/iyad184
https://identifiers.org/bioentitylink/FB:FBgn0000163?doi=10.1093/genetics/iyad184
https://identifiers.org/bioentitylink/FB:FBgn0013726?doi=10.1093/genetics/iyad184
https://identifiers.org/bioentitylink/FB:FBgn0000163?doi=10.1093/genetics/iyad184
https://identifiers.org/bioentitylink/FB:FBgn0013726?doi=10.1093/genetics/iyad184
https://identifiers.org/bioentitylink/FB:FBgn0000163?doi=10.1093/genetics/iyad184
https://identifiers.org/bioentitylink/FB:FBgn0013726?doi=10.1093/genetics/iyad184
https://identifiers.org/bioentitylink/FB:FBgn0000163?doi=10.1093/genetics/iyad184
https://identifiers.org/bioentitylink/FB:FBgn0013726?doi=10.1093/genetics/iyad184

12 | B.Deyetal

matatub-Gal4, matatub-Gal4,

(a) matatub-Gal4/+ baz pnut (c)

© Control: matafub-Gal4/+

T 8 © malotub-Gal4, baz'
8 © matatub-Gal4, pnut'
1
% : 167 — = s
= s e
= 000
ey &&88
% 14 o o . \3?
MP12 =
£ |8 & R
£ 121 o 598
(b) o folel (o)
© 0_0
k 3 OOO o
8 (=]
O 1.0— —_— —_—
W & Control baz' pnut' Control baz' pnut'
a MP12 MP13
(d)
o o Control: matatub-Gal4/+
o © matatub-Gal4, baz'
o © matotub-Gal4, pnut'
_6 = *k
© = —_ £
Q <3 =
D 2 o og¢0
1 Q [s]
S E 2] 4 5
: SR
[0}
g | 3 *
(e) -
8 i
w
o
Control baz' pnut' Control baz' pnut'
MP12 MP13

ubi-DE-cad-GFP

MP13

Fig. 6. DE-cad levels increase in Baz and Pnut knockdown embryos. a—c) Grazing sections of control, matatub-Gal4; baz' (baz') and matatub-Gal4; pnut' (pnut’)
stained with DE-cad in MP12-13 (a and b). Insets show zoomed in images. The 16 color rainbow scale from the image] is used to show fluorescent
intensities. Graph showing quantification of the intensity of DE-cad on the membrane using membrane to cytosol ratios in baz' (n = 15-25, 4-10 cells per
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and e). Insets show zoomed in images. The 16 color rainbow scale from the image] is used to show fluorescent intensities. Graph showing quantification of
normalized intensity of DE-cad on the membrane using membrane to cytosol ratios in baz! and pnut' embryos (n = 12-15, MP12-13, 5 cells per embryo,
5 embryos). DE-cad is increased in both baz' and pnut' embryos in MP13 (f). Data is represented as mean + SD, *P < 0.05, **P < 0.01, and **P < 0.001, 2-tailed,
unpaired Student’s t-test. Scale bar =5 pm.

Rabs fluorescence was observed in punctae and weakly at the fur-
row which is marked by phalloidin in control embryos in MP12 and
MP13 (Fig. 7d and e). We found that there was an increased accu-
mulation of Rab5 at the furrow in Baz- and Pnut-depleted embryos
(Fig. 7d and e). We quantified the Rab5 fluorescence at the furrow
in MP12 and MP13 embryos and found that there was a significant
increase in accumulation at the furrow (Fig. 7f). This accumulation
of Dynamin and Rab5 at the furrow implicates a decrease in endo-
cytosis at the furrow PM in Baz and Pnut depleted embryos and this

is likely to be the cause of the accumulation of DE-cad in NC12 and
NC13. Future analysis of endocytic mutants will confirm whether
loss of endocytosis, in general, leads to loss of furrow stability and
hexagon-dominated polygon organization in the syncytial blasto-
derm Drosophila embryo.

In summary, we show that successive division cycles in the
syncytial Drosophila blastoderm embryo show hexagon dominated
PM organization, and a decrease in cell shape index accompanied
by an increase in the concentration of polarity proteins at the
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furrow. DE-cad regulates the formation of furrow, cell stability,
and hexagon dominance. Baz and Pnut depleted embryos show
hexagon dominance coincident with an increase in levels of
DE-cad as compared to controls. It is likely that decreased cell
shape index and delayed onset of hexagon-dominated polygon or-
ganization in Baz and Pnut depleted embryos occurs only when
higher levels of DE-cad are obtained in MP13. These observations
highlight an inter-regulation of polarity, adhesion, and endocyto-
sis proteins in order to achieve appropriate stabilization of the fur-
row membrane to achieve a stable hexagon-dominated polygonal
array in the syncytial Drosophila blastoderm embryo.

Discussion

In this study, we show that the formation of hexagon dominated
PM organization in a relatively stable epithelial-like array occurs
in the presence of a combination of adhesion and polarity proteins
in the syncytial Drosophila blastoderm embryo from the MP stage
of NC12. Pentagons and hexagons are equally likely in NC11
when edges first form and hexagons are present at a frequency
of almost double the number of pentagons from the MP of NC12
up to NC13. Since the syncytial cycles do not have a complete ba-
sal domain, the lateral membrane, i.e. the pseudocleavage furrow,
is sufficient to regulate the stability of the epithelial-like array
showing hexagon dominance. There is a decrease in cell shape in-
dex across the syncytial cycle showing that increased crowding
correlates with a more stable polygonal array. We have character-
ized the role of Baz, Pnut, and DE-cad proteins in the regulation of
the lateral furrow length and polygon array distribution in the
syncytial embryo. This analysis reveals furrow and polygon distri-
bution phenotypes in 2 categories: (1) DE-cad depleted embryos
have short furrows, loss of hexagon dominance, and an increase
in cell shape index; (2) Baz- and Pnut-depleted embryos have
slightly short furrows, delay in hexagon dominance and an in-
crease in cell shape index. Even though the cell shape index is
more than controls in DE-cad, Baz, and Pnut depleted embryos,
there is a decrease from MP12 to MP13 showing that cell prolifer-
ation and associated changes in the PM give rise to a more stable
network. Hexagon dominance appears in Baz and Pnut mutant
embryos in NC13 with an increase in furrow lengths. This is
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coincident with an increase in DE-cad levels and accumulation
of endocytic machinery at the furrow PM. These studies, there-
fore, reveal the requirement of stability of the furrow PM, by the
combination of polarity and adhesion proteins, and further impli-
cate endocytosis rates in the regulation of de novo hexagon dom-
inant epithelial-like PM in the syncytial Drosophila embryo (Fig. 8).
DE-cad function is more significant for furrow extension as com-
pared to Baz and Pnut. Baz and Pnut are important for the stabil-
ization of the furrow membrane to give rise to hexagonal
dominant furrow membrane organization. Vertices mature and
stabilize in NC12 with the accumulation of Baz at edges and
Pnut at vertices. Baz presence on the furrow membrane is import-
ant for Pnut distribution.

DE-cad loss significantly decreased but did not completely abol-
ish lateral furrows. If this is the major protein responsible for the
stabilization of adhesion of furrow membranes of adjacent syncyt-
ial cells, we should have obtained a phenotype of complete loss of
furrow but we only saw a reduction in furrow length. We argue
that this could be due to the inability to deplete DE-cad completely
with the RNAI strategy. Also, it could be due to the presence of
other proteins that are responsible for keeping the furrow mem-
brane adhered to each other. Other transmembrane proteins
such as Crumbs, Neuroglian, and Neurexin are not present in syn-
cytial embryos (Harris and Peifer 2004; Laprise et al. 2009). Future
analysis of other cadherin-like adhesion molecules such as
Echinoid may be useful in this direction (Wei et al. 2005).

We find that DE-cad levels regulate the stabilization of the fur-
row and the occurrence of hexagon dominance in the syncytial
blastoderm embryo. DE-cad increases during the syncytial div-
ision cycles from MP11 to MP13 along with Baz and Pnut. An in-
crease in DE-cad can also occur due to the loss of endocytosis
and recycling in the Drosophila wing disc epithelium and blasto-
derm embryo (Classen et al. 2005; Rikhy et al. 2015; Iyer et al.
2019). We observed that Baz and Pnut depletion on the syncytial
furrow led to an increase in DE-cad and accumulation of endocy-
tic proteins at the furrow. This shows that Baz and Pnut depleted
embryos show hexagon dominance at higher levels of DE-cad
than controls. Since DE-cad depletion shows loss of hexagon
dominance, this compensatory increase in DE-cad is likely to
be responsible for the rescueof hexagon dominance in MP13 in

MP12 MP13 MP12 MP13

pnut' shg'

Fig. 8. Summary schematic showing the distribution of DE-cad, Baz and Pnut on the lateral furrow and polygon distribution in the Drosophila syncytial
blastoderm embryo in NC13. Control embryos show hexagon dominance in MP12-13 with a significant amount of DE-cad, Baz, and Pnut on the lateral
furrow. DE-cad undergoes endocytosis at the furrow membrane. Loss of Baz or Pnut results in a shorter furrow and delay in the onset of hexagon
dominance while loss of DE-cad results in a shorter furrow along with a loss of hexagon dominance. Note the difference in the protein complex
composition in the various mutants along with the possible accumulation of endocytic vesicles on the cell membrane. baz' shows the loss of Baz and Pnut,
while pnut' shows loss of Pnut only. DE-cad is increased in baz' and pnut! in MP13 along with increased accumulation of endocytic machinery, which
correlates with the recovery of hexagon dominance. shgi, on the other hand, shows a decrease or mislocalization of DE-cad, Baz, and Pnut.
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Baz- and Pnut-depleted embryos. Further elucidation of defects
in proteins regulating membrane trafficking will also reveal the
mechanisms by which endocytosis decreases in Baz and Pnut de-
pleted embryos.

Baz and DE-cad play significant roles in being the primary mo-
lecules initiating the polarity program in different tissues. Baz in-
itiates adherens junction polarity in Drosophila cellularization and
gastrulation (Mtiller and Wieschaus 1996; Harris and Peifer 2004;
Pilot et al. 2006) but is dispensable in follicle epithelial cells
(Shahab et al. 2015). During mesoderm invagination, apical move-
ment of DE-cad precedes the relocation of Baz, and thus, the
asymmetry in DE-cad distribution here does not depend on Baz
(Weng and Wieschaus 2017). This is similar to mammalian cells
where E-cad is recruited to contact points before Baz (Coopman
and Djiane 2016). This suggests that depending on the tissue
type or developmental stage, the relative importance of Baz and
E-cad in initiating polarity may change. We show that DE-cad is
important for the distribution of both Baz and Pnut to the furrow.
In the absence of identification of other adhesion proteins in the
syncytial blastoderm embryo, we conclude that DE-cad assumes
a significant role in furrow formation and stabilization in the
Drosophila syncytial blastoderm embryo.

Asynchronous cell division in Drosophila wing disc epithelia is
one of the mechanisms that give rise to a hexagon dominant
and energy-minimized network (Gibson et al. 2006). It is interest-
ing to note that synchronous divisions in the syncytial Drosophila
blastoderm embryo also result in hexagon dominance in NC12.
These observations are consistent with the presence of nuclei
in a hexagon dominated polygonal organization in the syncytial
Drosophila embryo (Kanesaki et al. 2011; Kaiser et al. 2018).
Cytoskeletal dynamics coupled with polarity protein distribution
favor the organization of this network.

A decreased number of edges in the polygonal array is a favor-
able state for cell neighbor exchanges and gives rise to a soft net-
work (Farhadifar et al. 2007). The increase in pentagons in Baz and
Pnut depleted embryos indicates a similar transition to a soft net-
work possibly due to decreased stabilization of the furrow even in
the presence of DE-cad and furrow length. The contacts in the Baz
and Pnut mutant embryos are likely to facilitate neighbor ex-
changes. An increase in DE-cad on the furrow in MP13 in Baz
and Pnut depleted embryos may allow for conversion back to
hexagon-dominated state by formation and stabilization of one
additional edge and vertex. Future analysis of change in furrow
tension in various genetic backgrounds, along with mathematical
modeling, will reveal the mechanisms that drive shape morpho-
genesis in Drosophila syncytial blastoderm embryos.
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