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The RhoGEF protein Plekhg5 regulates 
medioapical and junctional actomyosin dynamics 
of apical constriction during Xenopus 
gastrulation

ABSTRACT  Apical constriction results in apical surface reduction in epithelial cells and is a 
widely used mechanism for epithelial morphogenesis. Both medioapical and junctional acto-
myosin remodeling are involved in apical constriction, but the deployment of medial versus 
junctional actomyosin and their genetic regulation in vertebrate embryonic development 
have not been fully described. In this study, we investigate actomyosin dynamics and their 
regulation by the RhoGEF protein Plekhg5 in Xenopus bottle cells. Using live imaging and 
quantitative image analysis, we show that bottle cells assume different shapes, with rounding 
bottle cells constricting earlier in small clusters followed by fusiform bottle cells forming be-
tween the clusters. Both medioapical and junctional actomyosin signals increase as surface 
area decreases, though correlation of apical constriction with medioapical actomyosin local-
ization appears to be stronger. F-actin bundles perpendicular to the apical surface form in 
constricted cells, which may correspond to microvilli previously observed in the apical mem-
brane. Knockdown of plekhg5 disrupts medioapical and junctional actomyosin activity and 
apical constriction but does not affect initial F-actin dynamics. Taking the results together, our 
study reveals distinct cell morphologies, uncovers actomyosin behaviors, and demonstrates 
the crucial role of a RhoGEF protein in controlling actomyosin dynamics during apical con-
striction of bottle cells in Xenopus gastrulation.

INTRODUCTION
Apical constriction, an active process via which cells contract their 
apical surface, is one of the driving forces of epithelial morphogen-
esis (Sawyer et al., 2010; Martin and Goldstein, 2014). Cells under-

going apical constriction often elongate their basolateral compart-
ments and exert pulling forces on their neighbors. Apical constriction 
is used reiteratively during embryonic development to bend and 
fold epithelial sheets, such as during gastrulation movements in 
various animal species, folding of the neural ectoderm into a closed 
neural tube, lumen and tube formation during organogenesis, and 
sensory placode morphogenesis. Increasing our depth of under-
standing of the molecular machinery controlling apical constriction 
can therefore provide broad insight into epithelial remodeling cru-
cial for embryogenesis.

Apical constriction is regulated by dynamic and spatially 
restricted reorganization of cytoskeleton networks (Martin and 
Goldstein, 2014). Both actomyosin and microtubules have been im-
plicated in this process (Rogers et al., 2004; Lee et al., 2007; Lee and 
Harland, 2007; Booth et al., 2014; Ko et al., 2019; Le and Chung, 
2021), though the roles of actomyosin have been investigated in 
more depth. Recruited to apical cell–cell junctions by adhesion 
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complexes, filamentous actin (F-actin) and its associated motor pro-
tein non–muscle type II myosin form a circumferential junctional belt 
that facilitates the establishment and maintenance of cell adhesion. 
Contraction of junctional actomyosin can lead to reduction of apical 
membrane size by a purse-string mechanism. Enhanced junctional 
actomyosin activity consistent with purse-string constriction has 
been observed in ectopic apical constriction induced by specific 
regulators in epithelial cell cultures, in wound healing responses, 
and in dorsal closure during Drosophila development (Bement 
et al., 1993; Nakajima and Tanoue, 2011, 2012; Kamran et al., 2017; 
Kiehart et al., 2017; Yano et al., 2021).

Recently, studies in multiple systems have revealed that apical 
constriction can also be mediated by assembly of actomyosin in the 
medial region of the apical cell cortex. The medioapical actomyosin 
undergoes dynamic remodeling and engages cell junctions to ac-
tively shrink the apical cell surface. This mechanism is utilized during 
Drosophila and Caenorhabditis elegans gastrulation as well as in 
multiple processes in Drosophila after gastrulation, in lens placode 
invagination, and in the neural plate cells during neural tube closure 
(Martin et al., 2009; Martin and Goldstein, 2014; Blanchard et al., 
2010; Plageman et al., 2011; Roh-Johnson et al., 2012; Booth et al., 
2014; Lang et al., 2014; Simões et al., 2014, 2017; Christodoulou 
and Skourides, 2015; Jodoin et al., 2015; An et al., 2017; Chanet 
et  al., 2017; Chung et  al., 2017; Goldstein and Nance, 2020). A 
hybrid strategy of employing both junctional and medioapical 
actomyosin has also been observed during neuroblast ingression in 
Drosophila and apical constriction of neural ectoderm cells in 
Xenopus during neurulation (Simões et  al., 2017; Baldwin et  al., 
2022a). Thus, apical constriction mechanisms are both varied and 
complex, and understanding mechanisms employed in particular 
processes will involve observing both medial and junctional acto-
myosin simultaneously.

One of the prominent examples of apical constriction is the for-
mation of bottle cells during Xenopus gastrulation (Keller, 1981; 
Hardin and Keller, 1988; Kurth and Hausen, 2000; Kurth, 2005; Lee 
and Harland, 2007, 2010). Bottle cells reduce their apices, elongate 
along the apicobasal axis, and expand their basal compartments 
during gastrulation. Pigment granules concentrate underneath the 
apical cell membrane as the apical surface is reduced, making the 
appearance of darkly colored cells the hallmark of apical constric-
tion during Xenopus gastrulation. The bottle cells initially form on 
the dorsal side of the embryo and subsequently spread toward lat-
eral and ventral quadrants to form the blastopore lip. The change in 
morphology of bottle cells leads to invagination of surface epithe-
lium that coordinates with tissue involution in the underlying meso-
derm. When bottle cells are removed surgically or prevented from 
forming by gene manipulations, Xenopus embryos can still com-
plete gastrulation through tissue involution at ectopic sites that 
buckle due to other morphogenetic movements. However, impreci-
sion of the tissue involution sites often leads to embryonic defects, 
such as shortening of anterior archenteron and malformation of 
head structure (Keller, 1981; Hardin and Keller, 1988; Popov et al., 
2018). This highlights the importance of bottle cells in conferring 
precision and robustness of gastrulation movements.

Apical constriction of bottle cells is regulated by signals control-
ling mesendoderm cell fate and polarity, such as those of nodal and 
planar cell polarity (Kurth and Hausen, 2000; Choi and Sokol, 2009; 
Ossipova et  al., 2015). Our recent studies reveal that a RhoGEF 
gene, plekhg5, is transcriptionally activated by nodal signaling and 
is required for apical constriction induced by ectopic nodal expres-
sion in the animal region or in endogenous bottle cells (Popov et al., 
2018). Plekhg5 stimulates Rho activation and likely regulates acto-

myosin dynamics via Rho effectors, such as Diaphanous (Dia), which 
facilitates assembly of F-actin bundles, and ROCK, which activates 
myosin II through phosphorylation of regulatory myosin light chain 
(MLC [Mulinari et  al., 2008; Massarwa et  al., 2009; Mason et  al., 
2013; Rousso et al., 2013]). Analysis of F-actin and pMLC indeed 
shows that knockdown of plekhg5 reduces their apical accumulation 
in presumptive bottle cells and prevents cell shape changes of bot-
tle cells (Popov et al., 2018). However, the behaviors of actomyosin 
in normal bottle cells and how they are altered in plekhg5 knock-
down embryos are not known.

In this study, we tackle the following questions. How is apical 
actomyosin remodeled during apical constriction of bottle cells? Do 
junctional, medioapical, or combined actomyosin activities drive 
apical surface reduction? What are the kinetics of actomyosin accu-
mulation and apical surface reduction? And how does plekhg5 reg-
ulate actomyosin dynamics in bottle cells? Using live cell imaging 
and quantitative image analysis approaches, we show that both me-
dioapical and junctional actomyosin play roles in apical constriction 
of bottle cells and plekhg5 regulates accumulation of F-actin and 
myosin without affecting initial F-actin dynamics. Our data address 
an important knowledge gap about cytoskeleton regulation by a 
RhoGEF protein during apical cell constriction of bottle cells in 
Xenopus gastrulation, an important developmental process in a 
vertebrate species.

RESULTS
Heterogeneous morphology of the bottle cells
Bottle cell morphology was first studied using scanning electron mi-
croscopy (SEM) in both en face and sagittal views, while molecular 
studies of bottle cell formation tend to rely on the appearance of 
surface pigmentation and side views of the bottle cell shape (Hardin 
and Keller, 1988; Kurth and Hausen, 2000; Lee and Harland, 2007, 
2010; Choi and Sokol, 2009; Ossipova et al., 2015). To examine api-
cal cell morphology during bottle cell formation, we labeled the 
bottle cells by expressing an mRNA encoding membrane-mCherry 
(mem-mCherry) in the dorsal marginal zone cells. The surface of the 
labeled epithelial cells was examined at early gastrula stages by 
confocal microscopy. We observed that bottle cells displayed 
distinct morphologies. Clusters of small round cells (Figure 1A, 
yellow arrow) were often flanked by fusiform cells that displayed 
circumferential elongation with reduced animal–vegetal cell length 
(Figure 1A, blue arrow). The distinct cell shapes implied that bottle 
cells may undergo different constrictive behaviors that can result in 
the adoption of different cellular morphologies.

F-actin distribution across subcellular domains in the 
bottle cells
To investigate whether both junctional F-actin belts and medioapi-
cal F-actin networks supply the constrictive forces in the bottle cells, 
we coinjected mem-mCherry RNA with that of utrophin-GFP, which 
encodes the F-actin–binding protein utrophin conjugated with 
green fluorescent protein (GFP). The utrophin-GFP signal was seen 
primarily at the cell–cell junctions in nonconstricting (or not yet con-
stricting) cells but enriched at the apical cell compartment in con-
stricting bottle cells (Figure 1B). Side views of utrophin-GFP distribu-
tion revealed that the signal was not simply accumulated under the 
apical cell membrane but seemed to form discrete bundles perpen-
dicular to the plasma membrane (Figure 1B, right panels). This 
“bundled” pattern appeared to be similar to the microvilli previ-
ously observed on the apical surface of the bottle cells by scanning 
and transmission electron microscopy studies (Keller, 1981; Hardin 
and Keller, 1988; Kurth and Hausen, 2000; Lee and Harland, 2010). 
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To further confirm the presence of F-actin bundles orthogonal to the 
cell surface, we examined F-actin patterns in fixed gastrula embryos 
stained with fluorescent dye–conjugated phalloidin. Oblique views 
of three-dimensional (3D)-projected Airyscan microscopy images 
revealed densely packed perpendicular F-actin bundles in the apical 
cortex of bottle cells. These F-actin bundles were longer in bottle 
cells that were more apically constricted (Figure 1C; Supplemental 
Figure 1). These results are consistent with the formation of 

previously-described actin-rich microvilli during bottle cell forma-
tion (Keller, 1981; Hardin and Keller, 1988; Kurth and Hausen, 2000; 
Lee and Harland, 2010) and imply that this may be a critical step in 
the reduction of the apical area.

Dynamic F-actin remodeling during bottle cell formation
To gain insight into F-actin dynamics during apical constriction of 
bottle cells, we performed live imaging of embryos coinjected with 

FIGURE 1:  Distinct cell shapes, apical actin accumulation, and F-actin bundles in bottle cells. (A) Membrane mCherry–
labeled bottle cells show two distinct morphologies, with round cells (yellow arrow) interspersed with fusiform cells 
(blue arrow). The panels on the right are the enlarged images of the boxed areas. (B) Coexpression of membrane 
mCherry with utrophin-GFP reveals accumulation of F-actin predominantly in the medial regions of apical cell cortex. 
The right two panels show the z-view of F-actin and mem-mCherry signals in regions without or with apical constriction. 
(C) En face images of phalloidin-stained fixed gastrula embryos show predominant cell junction localization of F-actin in 
not-yet-constricting cells (left top panel), whereas F-actin intensity is enhanced in the apical compartment of constricting 
cells (right top panel). Oblique views of 3D projections of the images reveal formation of dense F-actin bundles 
perpendicular to the apical surface in the constricting bottle cells (right bottom panel).
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mRNAs of mem-mCherry and utrophin-GFP (Supplemental Movies 
1 and 2). Dynamic reorganization of F-actin puncta at the subapical 
cortex was visible before substantial reduction of the apical cell 
surface (Figure 2A, arrowheads, top panels). As the intensity of sub-
apical F-actin was increased with time, the apical surface areas of 
cells were reduced. Given that we observed F-actin localization at 
both the apical junctions and medial apical surface, we examined 
whether F-actin localization at either subcellular domain correlated 
more strongly with apical constriction. We used Tissue Analyzer to 
segment the apical cell junctions of each cell in each frame and 
then delineate nonoverlapping medial and junctional apical do-
mains for each cell (Figure 2B) (Aigouy et al., 2010, 2016, 2020). 
This quantification revealed a strong negative correlation between 
mean medial F-actin localization and apical area (r = –0.62) (Figure 

2C). A weaker negative correlation (r = –0.33) was observed 
between apical area and junctional F-actin localization (Figure 2D); 
this appears to be at least partly due to a population of cells where 
junctional actin and apical area are positively correlated (Figure 2D, 
dashed cyan ellipsis), indicating that the function of junctional 
F-actin in apical constriction may not be as consistent across the 
population of bottle cells as it is for medial F-actin. These results 
suggest that medial and junctional F-actin contractility may both 
play roles in apical constriction in the bottle cells, similar to that in 
the Xenopus neural ectoderm (Baldwin et al., 2022a) but the role of 
junctional F-actin may be more variable across the population of 
bottle cells.

In generating movies of bottle cell apical constriction, we ob-
served that apical constriction was initiated within clusters of cells 

FIGURE 2:  Dynamic F-actin remodeling accompanies apical surface reduction during bottle cell formation. (A) Selected 
frames from a time-lapse movie demonstrate dynamic F-actin organization before an overt decrease in apical cell area 
(top panels). The dynamic F-actin signal in a single cell is marked by the arrowheads. As apical constriction commences, 
groups of cells constrict first and take round shape (yellow arrow), with neighboring, later-constricting cells assuming 
fusiform (blue arrow). The clusters of round cells can appear as one large cell as cell constriction and F-actin signal 
increase often obscure cell boundaries (e.g., the cluster indicated by the yellow arrow at the 6324 s frame consists of 
five constricted cells seen in the time-lapse movie). (B) Schematics of quantification of medial (orange) and junctional 
(blue) F-actin intensity within single cells. (C, D) Density plots of apical cell area vs. medial (C) and junctional (D) F-actin. 
Magenta line indicates linear model. s.d. = standard deviations. n = 11,748 observations of 132 cells from four embryos. 
(C) A negative correlation of medial F-actin intensity and apical area is uncovered, with the correlation coefficient r value 
of –0.62. (D) Junctional F-actin intensity is also negatively correlated with the apical area, though less so with the r value 
of –0.33. This weaker correlation may be in part due to a subpopulation of cells with a positive correlation between 
junctional F-actin and the apical area (dashed cyan ellipsis).
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spaced some distance apart along the blastopore lip, with cells be-
tween the clusters constricting at later times (Supplemental Movies 
1 and 2). The early constricting cells tended to have a round mor-
phology, reflecting possible isotropic contraction forces (Figures 2A 
and 3A, yellow arrows). The cells between the clusters adopted a 
fusiform shape that appeared to be stretched by constricting neigh-
boring cells in the clusters (Figures 2A and 3A, blue arrows; Supple-
mental Movies 1 and 2). Quantification of the changes in cell shape 
using the “stretch” parameter calculated by Tissue Analyzer (Aigouy 
et al., 2010) (Figure 3B) showed that within a cluster of constricting 
cells, a small number of extremely constrictive cells became rounder 
(decreased stretch) while surrounding cells took on fusiform shapes 
(increased stretch), providing further evidence for heterogeneity of 
bottle cell morphology (Figure 3, C and D).

We further explored differences in the contractile dynamics of 
round versus fusiform cells and found that rounding cells (de-
creasing stretch) showed a stronger correlation between medial 
actin localization and apical area than did fusiform cells (increas-
ing stretch) (Figure 3E). A more notable difference was observed 
between junctional actin accumulation and apical area reduction, 
with rounding bottle cells showing much stronger correlation 
than the fusiform cells (Figure 3F). The subpopulation of cells with 
a positive correlation between junctional F-actin localization and 
apical area (Figure 2D, dashed cyan ellipsis) was most clearly vis-
ible in fusiform cells (Figure 3F, dashed cyan ellipsis), suggesting 
that this F-actin behavior may associate with cell stretching. 
These results indicate that rounding and fusiform bottle cells may 
employ different mechanisms for apical constriction and cell 
shape change.

Knockdown of plekhg5 leads to failure in accumulation of 
both medioapical and junctional F-actin
Previous studies from our groups have shown that the RhoGEF gene 
plekhg5 is required for apical constriction of the bottle cells (Popov 
et  al., 2018). To explore how plekhg5 may regulate subcellular 
F-actin dynamics, we injected antisense splicing-blocking plekhg5 
morpholino oligo (MO) together with the RNAs of mem-mCherry 
and utrophin-GFP into early Xenopus embryos. The behaviors of 
F-actin in the presumptive bottle cells in the morphants were exam-
ined at early gastrula stages. Similar to cells in wild-type embryos, 
F-actin displayed dynamic reorganization at the apical cortex, with 
the appearance and disappearance of distinct puncta (Supplemen-
tal Movies 3 and 4; Figure 4A). However, despite the initial F-actin 
dynamics, progression toward enrichment of medioapical and junc-
tional F-actin was stalled. As gastrulation proceeded, the intensity of 
both medial and junctional F-actin diminished over time, and apical 
constriction was greatly disrupted in plekhg5 morphants compared 
with wild-type cells (Supplemental Movies 3 and 4; Figure 4, A–D). 
F-actin at the cell junctions often displayed periodic intense flares 
before receding to the normal levels (Figure 4A, arrowheads), a pat-
tern reminiscent of junctional tear and repair (Stephenson et  al., 
2019). Taken together, the results suggest that plekhg5 coordinates 
enhanced F-actin accumulation at both medial and junctional re-
gions to efficiently reduce cell surface and impact cell shape 
formation.

Coordinated action of myosin and F-actin during bottle cell 
formation is disrupted in plekhg5 knockdown cells
The active reduction of apical cell surface requires F-actin and non–
muscle type II myosin to form the cytoskeletal contractile network. 
To investigate how actin and myosin coordinate during apical con-
striction of the bottle cells, we coinjected RNAs encoding utrophin-

RFP and GFP-tagged non–muscle myosin heavy chain IIB (GFP-
NMHC-IIB, or myoIIB-GFP) into the dorsal marginal zone of four- to 
eight-cell-stage embryos. Time-lapse microscopy revealed that like 
F-actin, MyoIIB was located mainly at the cell junctions before api-
cal constriction. During bottle cell formation, the intensity of both 
F-actin and MyoIIB signals was increased, with the concurrent re-
duction of apical surface areas (Supplemental Movies 5 and 6; 
Figure 5). The enhanced actomyosin signals were concentrated 
under the apical cell membrane and at the cell junctions. When 
captured at a later stage of apical constriction when bottle cells had 
initiated invagination, the greatest actomyosin accumulation was 
seen to be centered in the medial region of the bottle cells. Both 
F-actin and MyoIIB formed intense signal patches in the medioapi-
cal areas. F-actin could be detected clearly at the cell junctions, 
while MyoIIB signals at junctions were less distinct compared with 
their extreme medial enrichment (Supplemental Movie 6; Figure 5, 
B and C). Apical constriction seemed to have reached its maximal 
extent by this stage, as cells displayed only nominal changes in api-
cal areas while maintaining strong medioapical actomyosin signals 
as they invaginated further into the interior of the embryos.

To examine how plekhg5 regulates coordination between 
F-actin and myosin, we tracked the dynamics of F-actin and MyoIIB 
simultaneously in the plekhg5 morphant embryos (Supplemental 
Movie 7; Figure 6, A and B). As described above, F-actin displayed 
dynamic reorganization at the apical cell cortex and formed punc-
tate structures. MyoIIB, however, stayed mainly at the junctions of 
morphant cells, with only a weak signal observed under the apical 
membrane. Medial MyoIIB accumulation was also extremely de-
fective in plekhg5 morphant cells (Figure 6C). Junctional MyoIIB in 
morphant cells was not uniform and formed discrete patches that 
were fluid and moved along the cell–cell contacts. Over the course 
of imaging, plekhg5 morphant cells failed to increase both medial 
and junctional MyoIIB localization (Figure 6, C and D). Together 
these results indicate that Plekhg5 is primarily activating apical 
constriction through actomyosin recruitment and activation in 
bottle cells.

DISCUSSION
Apical constriction is a fundamental cellular process employed reit-
eratively to remodel epithelia during embryogenesis and in adults 
(Sawyer et al., 2010). Though actomyosin contraction is shown to be 
a major driving force underlying apical constriction, variations exist 
in terms of location, timing, and regulation of actomyosin activities 
as well as the relationship between actomyosin dynamics and cell 
shape changes during epithelial morphogenesis (Martin and 
Goldstein, 2014). To gain insight into molecular control of actomyo-
sin contractile machinery during apical constriction, we used the 
Xenopus bottle cells as our model in this study and tracked simulta-
neously actomyosin behaviors and changes in apical cell areas both 
in control embryos and in embryos with knockdown of a critical 
RhoGEF gene, plekhg5. Our results demonstrate heterogeneity of 
bottle cells and uncover an important function of plekhg5 in orga-
nizing the apical actomyosin network.

Heterogeneous morphology of bottle cells around the 
blastopore lip
Bottle cells form during Xenopus gastrulation with drastic shrinkage of 
apical cell surface, striking apicobasal elongation, and conspicu-
ous expansion of the basal cell compartment to give the cells their 
distinctive “bottle” shape (Keller, 1981; Hardin and Keller, 1988). Previ-
ous SEM studies of en face and sagittal views of the bottle cells pro-
vide detailed morphology of these cells, and time-lapse microscopy 
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has been used to track bottle cell formation (Keller, 1981; Hardin and 
Keller, 1988). However, the dynamic process leading to apical cell 
shape changes in bottle cells had not been fully captured.

Using live imaging to track apical cell surface, we show 
here that two distinct groups of bottle cells emerge during 
gastrulation. They differ not only in morphology, with one round 

FIGURE 3:  Distinct cell shape changes accompany bottle cell formation. (A) Selected frames from a time-lapse movie 
reveal that apical constriction does not spread from a single point. Clusters of cells some distance apart can constrict 
around similar times. These cells tend to constrict early and form a round shape (yellow arrows), with the cells in 
between stretching in the circumferential direction to take the fusiform shape (blue arrows). The bottom yellow arrow in 
the 3740 s frame points to a constricted cluster of more than 10 cells. (B) Quantification of cell stretch by Tissue 
Analyzer, whereby the magnitude of cell elongation is normalized by cell area to generate a number ranging from 0 to 
1, such that cells with the same shape but different areas will have the same stretch. (C) Example of heterogeneous 
cell constriction and stretch based on quantitative analysis of a time-lapse movie from the first and the last frames. 
(D) Mapping of changes of cell stretch onto the embryo images reveals that round, non-stretching cells are juxtaposed 
to the cells with increasing stretch in the blastopore lip (purple circle). The neighboring cells on the animal pole side of 
the blastopore lip also display distinct changes in stretch, with cells showing strong stretch preferentially abutting the 
round bottle cells. (E, F) Quantification of medial (E) or junctional (F) F-actin intensity reveals a stronger correlation with 
the round bottle cells than with the fusiform bottle cells. A subpopulation of fusiform cells with a positive correlation 
between junctional F-actin and apical area is labeled with a dashed cyan ellipsis. Magenta line indicates linear model. 
s.d. = standard deviations. n = 3171 observations for cells decreasing stretch (rounding) and 8709 observations for cells 
increasing stretch (fusiform) collected from four control embryos.
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and the other fusiform in shape, but also in the onset of apical 
constriction, with the round bottle cells contracting earlier than 
the fusiform cells. The round, isotropically constricting cells tend 
to form clusters several cell diameters away and appear to ac-
tively reduce their apices autonomously. The fusiform bottle cells 
initiate their constriction following the round cells and seem to 
be influenced by their neighboring clusters of isotropically 
constricting cells to stretch along the circumference of the 
blastopore.

The heterogeneous populations of bottle cells are apparently 
required to maintain the circumference of the blastopore, as the 
circumference would have been diminished once the bottle cells 
had formed and spread if all cells constricted in an isotropic manner. 

This would result in premature infolding of the vegetal endoderm 
and impede the ordered progression of mesendoderm involution. 
Consistent with the geometric and mechanical constraints of the 
gastrulating embryos, the cells abutting the bottle cells adopt differ-
ent shapes as well, with the cells on the animal-pole side to the 
round bottle cells displaying strong stretching along the animal-
vegetal direction, whereas the cells adjacent to the fusiform bottle 
cells were less stretched (Figure 3, C and D).

Medioapical and junctional actomyosin drives apical 
constriction
Our quantitative analysis of actomyosin behaviors reveals dynamics 
across the apical cortex during bottle cell formation. Both junctional 

FIGURE 4:  Knockdown of plekhg5 prevents apical accumulation of F-actin and reduction of apical cell size. (A) Selected 
frames from a time-lapse movie show that despite the initial F-actin dynamics and formation of F-actin puncta, the cells 
with plekhg5 knockdown fail to increase apical F-actin signal or reduce the apical surface. Instead, junctional F-actin 
flares can be seen frequently. The arrowheads point to examples of F-actin flares. (B) Quantification of apical cell area 
demonstrates that unlike cells in control embryos (Supplemental Movies 1 and 2), cells from plekhg5 knockdown 
embryos (Supplemental Movies 3 and 4) cannot reduce their apex efficiently. (C, D) While medial and junctional F-actin 
intensity increases during apical constriction of bottle cells in control embryos, the intensity of medial and junctional 
F-actin decreases in cells from plekhg5 knockdown embryos. Each dot is an individual cell. Horizontal lines within each 
violin delineate quartiles along each distribution. s.d. = standard deviations. P values were calculated via a KS test. Data 
were collected from four control and five plekhg5 knockdown embryos.
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FIGURE 5:  Coordinated enrichment of apical myosin IIB and F-actin during apical constriction of bottle cells. 
(A) Selected frames of a time-lapse movie reveal coordinated increase in MyoIIB and F-actin signals in the apical cortex 
of the bottle cells. The signal intensity of actomyosin inversely correlates with the apical cell area of the cells. The 
stretching of neighboring nonconstricting cells can also be seen. (B) During the late stage of apical constriction, the 
MyoIIB signal is down-regulated from cell junctions and is concentrated in the center of the bottle cells. F-actin signal 
can be seen in both the cell junctions and the medioapical region. Close-up view of the boxed regions is shown in the 
bottom panels. (C) Histogram of F-actin and MyoIIB signal intensity at the beginning, in the middle, and at the end of 
the apical constriction of the bottle cells reveals distinct patterns. While both medial and junctional F-actin and MyoIIB 
signals increase initially during bottle cell formation, junctional MyoIIB is reduced at the end of apical constriction while 
junctional F-actin remains strong. Approximate junctional region highlighted by dashed magenta boxes in left panels. 
Dashed magenta lines in right panels indicate quantified region of each cell.
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and medial actomyosin signals increase as the apical surface area is 
reduced, though the strongest enhancement of actomyosin inten-
sity and the higher correlation coefficient scores are seen in the 
medial domain. The deployment of medioapical actomyosin may 
provide several features consistent with bottle cell biology.

First, medial contractility could better enable the cell-autono-
mous asynchronous contraction seen in the clusters of bottle cells 
some distance apart. Junctional actomyosin contractility may trans-
mit tension to all of a cell’s neighbors during constriction, thus favor-
ing the spreading of constriction continuously around the circumfer-

ence, a phenomenon inconsistent with our observation of the 
spaced-out clusters of cells that independently initiate constriction 
during blastopore lip formation (Figure 3A). We have recently mod-
eled non–cell autonomous inputs to apical constriction in the neural 
ectoderm and found that increasing junctional F-actin localization in 
neighboring cells inhibits apical constriction in a given cell (Baldwin 
et al., 2022b), lending further weight to this hypothesis.

Second, both endocytosis of the surface membrane and genera-
tion of microvilli can reduce the apical area (Keller, 1981; Hardin and 
Keller, 1988; Kurth and Hausen, 2000; Lee and Harland, 2010), and 

FIGURE 6:  Knockdown of plekhg5 prevents medial accumulation of MyoIIB. (A, B) Unlike cells in control embryos, in 
plekhg5 knockdown embryos, initial F-actin dynamics remains in the apical cortex but MyoIIB fails to show up in the 
medial domain. No actomyosin enrichment is observed with progression of time. (C, D) Quantification of medial and 
junctional MyoIIB intensity shows that unlike in control bottle cells where the intensity of MyoIIB increases, medial and 
junctional MyoIIB decrease in cells with plekhg5 knockdown. Each dot is an individual cell. Horizontal lines within each 
violin delineate quartiles along each distribution. s.d. = standard deviations. P values were calculated via a KS test. Data 
were collected from four control and five plekhg5 knockdown embryos.
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we have observed emerging F-actin bundles perpendicular to the 
apical membrane even before large-scale reduction of the cell apex. 
The F-actin bundles become especially dense as bottle cells take 
their mature shape. It thus appears that one main task of medioapi-
cal actomyosin is to generate and maintain high-density orthogonal 
F-actin bundles at the apical cell surface to facilitate apical constric-
tion. Junctional actomyosin would theoretically be less efficient in 
producing cortical forces to generate dense perpendicular F-actin in 
the apical compartment. Over the period of our observation, the 
bottle cells invaginate slightly into the interior of the embryos and 
junctional myosin is seen to be down-regulated, whereas the medial 
myosin remains exceedingly strong (Figure 5). This disconnection 
between medial and junctional myosin may help to reduce junc-
tional tension without relaxing the apical cell area so that epithelial 
sheet integrity can be preserved as the bottle cells maintain their 
shapes during mesendoderm involution before they respread at the 
end of gastrulation (Keller, 1981; Hardin and Keller, 1988).

Third, the level of medial versus junctional actomyosin activities 
may determine whether cells adopt round or fusiform morphology. 
While medial actomyosin accumulation correlates with apical area in 
both round and fusiform bottle cells, junctional actomyosin more 
strongly correlates area in cells that become rounder (Figure 3). This 
may be due to the asymmetric junctional tension experienced by 
the late-forming fusiform bottle cells, whereby high tension exerted 
by neighboring round cells dominates junctional actomyosin activi-
ties over those at the junctions nonadjacent to the round cells. The 
heterogeneity in junctional actomyosin in fusiform cells would nega-
tively impact its correlation with apical area.

plekhg5 controls apical actomyosin accumulation to initiate 
apical constriction in bottle cells
The timing of concentrated actomyosin activities and the apical lo-
calization of the contractile meshwork need to be regulated tightly 
to allow accurate and reproducible morphogenesis. Many regula-
tors of apical constriction have been reported in different tissue con-
texts and/or organisms, with the factors controlling the actions of 
the Rho family small GTPases among the prominent ones. The 
Drosophila DRhoGEF2 and the vertebrate GEF-H1/Arhgef2, which 
stimulate RhoA activation, are shown to act in the apical domain to 
promote actomyosin assembly and facilitate apical constriction 
(Barrett et  al., 1997; Hacker and Perrimon, 1998; Nikolaidou and 
Barrett, 2004; Itoh et al., 2014). Conversely, the Cdc42 GAP protein 
PAC-1, which acts to inactivate Cdc42, is reported to function in 
the basolateral regions of C. elegans endodermal cells to limit 
Cdc42 activity only to the apical domain (Lee and Goldstein, 2003; 
Anderson et al., 2008; Chan and Nance, 2013; Marston et al., 2016). 
In Xenopus, we have previously identified a RhoGEF gene, plekhg5, 
that regulates apical constriction of bottle cells in a RhoA-depen-
dent manner (Popov et al., 2018). Plekhg5 is located in the apical 
domain, and its activity is required for actomyosin accumulation un-
derneath the apical membrane. However, how plekhg5 controls ac-
tomyosin dynamics has not been described.

In this study, we show that knockdown of plekhg5 does not affect 
initial F-actin dynamics in the apical cortex, as active formation and 
dissolution of F-actin punctate can be observed in the absence of 
plekhg5. This suggests that other regulators exist to stimulate 
F-actin remodeling when gastrulation starts. However, plekhg5 is 
crucial for maintaining and enhancing actomyosin activities in bottle 
cells. Both medioapical and junctional actomyosin signals are re-
duced with time when plekhg5 is knocked down. It is likely that 
Plekhg5 carries out the task via downstream effectors of activated 
RhoA, including ROCK and Dia (Narumiya et al., 2009). ROCK can 

phosphorylate regulatory MLC to activate myosin contractility, 
whereas Dia is a formin domain–containing protein that can pro-
mote actin bundle formation. Apically localized Plekhg5 can there-
fore stimulate local assembly and contraction of actomyosin to facili-
tate reduction of the apical surface area. It is interesting to note that 
while plekhg5 is expressed in cells around the blastopore lip, not all 
the blastopore lip cells express plekhg5 at the same time. Instead, 
the gene is expressed in a salt-and-pepper manner in subsets of the 
cells in the lip region (Supplemental Figure 2). Considering that we 
observe the round and the fusiform bottle cells that differ in tempo-
ral onset and possibly autonomy in force generation, we propose 
that plekhg5-expressing cells may initiate isotropic apical constric-
tion in discrete cells that contributes to early-forming round bottle 
cells, whereas the plekhg5-nonexpressing cells constrict later and 
take the fusiform shape. Knockdown of plekhg5 would prevent the 
formation of both types of bottle cells, as fusiform cells seem to 
depend on the appearance of round cells. Though this model is 
consistent with our data, we do not have direct evidence currently.

Plekhg5 and Shroom3 are mechanistically distinct activators 
of apical constriction during Xenopus embryogenesis
Comparing apical constriction in the context of neural tube closure 
in Xenopus (Baldwin et al., 2022a), we find both common and unique 
features. In both bottle cells and cells within the neural plate, medio-
apical and junctional actomyosin appear to provide driving forces for 
apical constriction. However, the mechanisms of actomyosin regula-
tion seem to differ between these tissues. As we have shown previ-
ously (Baldwin et al., 2022a), the actin-binding protein Shroom3 is a 
critical regulator of apical constriction in neural ectoderm cells. 
Shroom3 controls N-cadherin localization and coupling of actin con-
traction to effectively reduce apical surface area. Mutation of 
shroom3 does not entirely prevent medial actin accumulation but 
precludes actin-driven reduction of the apical surface area. In com-
parison, none of the shroom family genes is expressed in bottle cells 
by in situ hybridization analysis (Lee et al., 2009). Apical constriction 
of bottle cells therefore appears to proceed independent of shroom 
function and relies on the activity of the RhoGEF gene plekhg5.

Unlike in shroom3-depleted cells, actin fails to accumulate in ei-
ther medial or junctional regions in plekhg5 knockdown cells. This 
suggests that plekhg5 plays a more fundamental role than shroom3 
in the assembly of the apical actomyosin network. As both Shroom3 
and Plekhg5 are apically localized and can activate ROCK via either 
direct binding to ROCK or Rho activation (Ngok and Anastasiadis, 
2013; Das et al., 2014; Mack and Georgiou, 2014), the difference in 
their function in regulating apical actin accumulation may reflect 
other distinct partners and downstream effectors of these two fac-
tors. Identification of molecular components involved in the control 
of apical constriction by Shroom3 and Plekhg5 can provide valuable 
information on distinct mechanisms regulating an important cellular 
process underlying epithelial morphogenesis.

In summary, we show in this study that bottle cells are not homo-
geneous and take different shapes. The formation of bottle cells 
relies on medioapical and junctional actomyosin meshwork, and the 
RhoGEF protein Plekhg5 is essential for enhancing actomyosin ac-
tivity so that apical constriction can proceed to generate epithelial 
deformation during Xenopus gastrulation. Though the contractile 
actomyosin meshwork seems to be a shared feature of apical 
constriction with many other species, F-actin bundles perpendicular 
to the apical surface that may associate with the formation of micro-
villi appear to be more specific for reducing the large surface area in 
the bottle cells of Xenopus. It will be interesting to investigate in the 
future whether fusiform bottle cells constrict actively or passively, 
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how remodeling of junctional adhesion complexes contributes to 
reduction of apical surface area, what functions of Rho effectors 
ROCK and Dia play during bottle cell formation, and how Plekhg5 
expression and activity are regulated by other signals involved in 
cell fate determination and morphogenesis.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Embryo culture and injection
Xenopus laevis frogs were used under institutional IACUC protocol 
21371 at the University of Alabama at Birmingham. The embryos 
were obtained by in vitro fertilization. The GFP-MyoIIB construct 
was obtained from Addgene (Addgene plasmid #11348) (Wei and 
Adelstein, 2000) and cloned into the pCS105 vector. The membrane 
mCherry and utrophin-GFP/RFP plasmids were used as described 
before (Burkel et al., 2007). RNAs were synthesized from the linear-
ized plasmids using the in vitro mMessage mMachine RNA synthesis 
kit (Ambion). Mem-mCherry and utrophin-GFP/RFP RNAs (100–
250 pg) and 1–2 ng of myoIIB-GFP RNAs were injected into the 
marginal zone regions of two dorsal blastomeres of four- to eight-
cell-stage embryos. The embryos were imaged around the time just 
before and immediately after the dorsal lip appears, from the late 
blastula to early gastrula stages. Half the injected embryos were 
cultured to the tailbud-to-tadpole stages to ensure that the injected 
RNAs did not affect the embryo development. For plekhg5 knock-
down, a previously tested antisense splicing-blocking MO (Popov 
et al., 2018) was used at a total of 25–33 ng into the dorsal marginal 
zone of four-cell-stage embryos.

Imaging of actomyosin dynamics in the bottle cells
The injected embryos were collected at late blastula stages, with 
their vitelline membrane removed, and imaged with either an upright 
Olympus Fluoview F1000, inverted Nikon A1R confocal microscopes, 
or a Zeiss LSM900 Airyscan microscope. To prevent embryos from 
sticking to the cover glasses or imaging dishes, the glasses and the 
dishes were treated with 1% bovine serum albumin. The embryos 
were positioned with the presumptive dorsal lip region in the imag-
ing view. Time-lapse microscopy was performed with z-stack to cover 
the entire curved surface in view and no pause in between time 
points (continuous run). This would end up with images with 4–17 
z-stacks and a time interval of about 16–22 s. Maximum-intensity 
projection was carried out using FIJI, and the resulting movies are 
included in the Supplemental Materials. For phalloidin staining, 
gastrula embryos fixed in MEMFA (MOPS/EGTA/Magnesium Sul-
fate/Formaldehyde Buffer) were cultured with 5 U/ml AF488-conju-
gated phalloidin at 4°C overnight before being washed extensively 
with phosphate-buffered saline and mounted in imaging dishes for 
Airyscan imaging with a Zeiss LSM900 microscope. An optimal z-sec-
tion step of 0.2 μm was used for the scan, and the 3D projection of 
the image stacks was performed using Zeiss Zen Blue software.

Quantitative image analysis
Cells were segmented and tracked using EPySeg, and then EPySeg 
outputs were manually corrected using Tissue Analyzer (Aigouy 
et  al., 2010, 2016, 2020). Tissue Analyzer was used to break the 
apical surfaces of cells into two domains: a “medial” domain that 
encompasses the apical surface within the cell–cell junctions, and a 
“junctional” domain that is composed solely of the cell–cell junc-
tions (Figure 2B). Tissue Analyzer and FIJI (Schindelin et al., 2012) 
were further used to calculate mean fluorescence intensities and 
physical size parameters at each of these domains. Tissue Analyzer 

databases were imported to R and further analyzed and manipu-
lated primarily using the tidyverse package (Wickham et al., 2019; R 
Core Team, 2020). Frame intervals for each movie varied slightly, 
ranging from 16 to 22 s, so parameters within each cell were aver-
aged over a seven-frame window to account for “noise” within our 
measurements. To account for differences in initial size and intensity 
of fluorescent markers, parameters were standardized by mean cen-
tering the data for each individual cell track to zero and then divid-
ing the resulting mean-centered values by the standard deviation of 
each track. Thus, parameters are displayed in both standard devia-
tions and square microns or arbitrary units, allowing for relative dy-
namics to be compared between cells in addition to raw changes in 
parameters (Baldwin et al., 2022a). Kolmogorov–Smirnov (KS) tests 
were performed using the ks.test function in R. Data used in genera-
tion of the above figures can be found in the Supplemental Excel 
files in Supplemental Data section of this article.

For measuring the lengths of F-actin bundles, the 3D-projected 
images were viewed with F-actin bundles in vertical positions and 
their lengths and the length of z-axial coordinates in microns were 
measured using the FIJI software. The lengths of F-actin bundles in 
microns were then calculated. For the apical cell areas, the visible cell 
areas were measured and converted into square microns using the 
reference area from the X and Y coordinates. Only partial cells were 
included in some images; hence the exact apical areas could not be 
obtained from these images. The cells were therefore grouped to 
two with areas greater or less than 50 square microns. Totals of five- 
early and four late-stage embryos were analyzed in this study.
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