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Summary Statement 

 Genetic screens using live-imaging of cytokinesis revealed that Rop, a homolog of the 

syntaxin interacting protein Sec1/Munc18, is required for maintaining contractile ring 

integrity and cell shape during furrow ingression. 

Abstract 

Physically separating daughter cells during cytokinesis requires contraction of an actin-

myosin ring and vesicle-mediated membrane addition at the cleavage furrow. To identify 

vesicle trafficking proteins that function in cytokinesis, we screened deficiencies and 

mutations of candidate genes by live-imaging the mitotic domains of the Drosophila embryo. 

In embryos homozygous for some of these deficiencies, we observed several cytokinesis 

phenotypes, including slow furrow ingression and increased membrane blebbing. We also 

found that cytokinesis required the Sec1/Munc18 homolog, Rop, which interacts with 

syntaxin and mediates exocytosis at the plasma membrane. In a temperature sensitive Rop 

mutant (RopTS), the contractile ring disassembled during furrow ingression, indicating that 

maintenance of the ring required vesicle addition. Furthermore, in some dividing RopTS cells, 

the shape of the daughter cells became unstable, causing cytokinesis failure. These results 

further highlight the importance of vesicle trafficking in animal cytokinesis and show that 

vesicle fusion influences cell shape during cytokinesis.   
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Introduction 

 Vesicle trafficking plays an essential role in animal cytokinesis, the physical 

separation of daughter cells after mitosis. To maintain a constant cell volume through 

multiple rounds of cell division, new membrane must be added. In Xenopus, zebrafish, and 

Drosophila embryos, researchers observed vesicles delivered to the cleavage furrow during 

cytokinesis, suggesting such membrane addition occurs at the site of division (Danilchik et 

al., 2003; Li et al., 2006; Albertson et al., 2008). Furthermore, mutation or inhibition of 

Golgi, endosomal, and other vesicle trafficking components disrupts furrow ingression or 

abscission, showing vesicle transport is essential at multiple steps of cytokinesis (Albertson et 

al., 2005; McKay and Burgess, 2011). In addition to general membrane, vesicle transport may 

deliver RhoGEF and other factors that influence cortical cytoskeletal dynamics at the site of 

furrow ingression (Cao et al., 2008; Dambournet et al., 2011; Schiel et al., 2012).  

While many conserved components of cytokinesis have been identified, recent 

screens continue to identify novel roles for proteins in cytokinesis, suggesting more remain 

undiscovered (Eggert et al., 2006; Slack et al., 2006; Gregory et al., 2007; Hyodo et al., 2012; 

Zhang et al., 2012). Three cell culture-based screens—a proteomics analysis of the 

mammalian midbody and two RNAi screens using Drosophila S2 cells—as well as a genetic 

screen in Drosophila spermatocytes highlighted the importance of vesicle trafficking genes in 

cytokinesis (Echard et al., 2004; Eggert et al., 2004; Skop et al., 2004; Giansanti and Fuller, 

2012). However, the cell culture-based screens failed to identify vesicle trafficking 

components, such as Rab11, already known to function in cytokinesis in vivo (Skop et al., 

2001; Wilson et al., 2005; Giansanti et al., 2007). Together, these results suggest that vesicle 

trafficking components important for cytokinesis remain undiscovered and emphasize the 

importance of screens in vivo.  

In addition to screens, many functional studies of vesicle trafficking proteins in 

cytokinesis were also performed in cell culture (McKay and Burgess, 2011). In contrast, in 

epithelial tissue neighboring cells exert forces and stresses on each other (Mao and Baum, 

2015). What role vesicle trafficking proteins play in cytokinesis in such a complex 

environment remains unknown. Compared to cell culture, cytokinesis may require additional, 

unidentified factors within an epithelium.  

 To examine the role of vesicle addition during cytokinesis in epithelial tissue, we 

conducted a live-imaging based screen of mitotic divisions in the Drosophila embryo. These 

divisions occur directly after cellularization (Fig. 1A). During mitosis of cycle 14, cells with 
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similar differentiation commitments divide synchronously in stereotypical clusters of cells 

called mitotic domains (Fig. 1B,C)(Foe, 1989). Because these clusters of cells divide rapidly 

and reside at the embryo surface, furrow formation, ingression, and abscission are easily 

imaged live. Such live-imaging reveals what stage cytokinesis fails at and detects phenotypes 

more subtle than failure, which are missed by a single time-point fixed analysis. Importantly, 

vesicle delivery to the ingressing furrow occurs in these cells, suggesting an important role 

for vesicle trafficking in cytokinesis in this cell type (Albertson et al., 2008).  

To identify and characterize vesicle trafficking genes and other factors important for 

cytokinesis, we screened embryos homozygous for either deficiencies or mutations in 

candidate genes for defects in cytokinesis during cycle 14. The first 13 mitotic divisions in 

the Drosophila embryo occur within a syncytium, followed by cellularization, which 

individualizes nuclei into cells (Fig. 1A)(Foe et al., 1993). These early events are driven by 

maternally-loaded mRNAs and proteins. Previous genome-wide deficiency screens revealed 

that nuclear cycles 1-13 do not require expression of zygotic genes. These screens also 

demonstrated that successful cellularization only required expression of seven zygotic genes 

(Merrill et al., 1988; Wieschaus and Sweeton, 1988). Here, we use this same approach to 

screen for genes whose zygotic expression is required for the events immediately following 

cellularization, specifically the first conventional cytokinesis that occurs during anaphase and 

telophase of nuclear cycle 14 (Fig. 1A).  

Here, we identify three deficiencies on the third chromosome that exhibited unique 

cytokinesis phenotypes, including increased blebbing during cytokinesis. By testing known 

vesicle trafficking mutants for cytokinesis defects, we additionally found that cytokinesis 

required the syntaxin-interacting protein Rop/Sec1. Disruption of Rop function caused furrow 

regression and destabilized cell shape during cytokinesis, highlighting the importance of 

exocytosis in cytokinesis.  

Results 

A genetic screen in vivo for vesicle trafficking components important for cytokinesis 

 We set out to identify vesicle trafficking genes important for cytokinesis in vivo using 

the mitotic domains of the Drosophila embryo. These divisions occur immediately after 

cellularization, during the transition from maternal to zygotic control of cell division (Fig. 

1A). In these mitotic domains, cells divide sequentially, allowing continuous filming of 

multiple divisions (Fig 1B,C). For our analysis we primarily focused on mitotic domains in 

the anterior head region. To visualize cytokinesis live, we used the GAL4, UAS system to 

maternally load embryos with Synaptotagmin-GFP (Syt-GFP), a neuronal membrane protein 
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that when ectopically expressed marks the plasma membrane (Fig. 2A,B left panel)(Zhang et 

al., 2002; Albertson et al., 2008). To identify embryos homozygous for each deficiency 

studied, we crossed heterozygous parents and selected against the cytoplasmic GFP expressed 

by a twist-GAL4, UAS-GFP cassette on the balancer chromosome (Fig. 2A,B). We then 

assessed homozygous deficiency lines by live imaging for failed cell divisions and abnormal 

furrow ingression. 

 Control experiments demonstrated the advantages of this system. First, we previously 

used this same crossing scheme with pbl/Ect2, the cytokinesis Rho-GEF, and identified 

homozygous pbl mutants with disrupted furrow ingression (Albertson et al., 2008). Second, 

we examined nullo—a zygotic gene required for partitioning a single nucleus into each cell 

during cellularization (Wieschaus and Sweeton, 1988; Simpson and Wieschaus, 1990). 

Consistently, we found that either a homozygous nullo mutation or a homozygous deficiency 

that includes nullo caused multinucleate cells after cellularization, prior to cycle 14 mitosis 

(Fig. 2C, Table S1 in supplementary material, R.A. unpublished data). Thus, this system 

detected a known cytokinesis factor and recapitulated previously published results. However, 

our screen will not recover cytokinesis proteins with sufficient maternally loaded protein and 

mRNA stores. For example, embryos homozygous for the deficiency Df(1)v-L15, which 

includes the essential cytokinesis gene fascetto/PRC1, appeared normal, suggesting 

maternally loaded PRC1 was sufficient for cycle 14 divisions (Fig. 2C, Table S1). As in 

many screens, conclusions could not be drawn from negative results.  

Cytokinesis defects identified in deficiency lines 

 In our screen, we identified cytokinesis defects in 3 out of the 15 experimental 

deficiency lines assayed, which covered approximately 4% and 15% of the X and 3rd 

chromosomes, respectively (Fig. 2C, Table S1). In wild type embryos, cytokinesis always 

proceeded normally (N=50 cells from 4 embryos). Cytokinesis furrows initiated (time 0 s), 

ingressed (arrowheads), closed, and remained closed as expected (Fig. 2D, Video 1). We 

observed both symmetric and asymmetric furrow ingression, where in the latter the furrow 

ingressed from only one side. Such asymmetric furrows have been previously noted in 

embryonic divisions of many species (Rappaport, 1996).  

Df(3L)R-G5 embryos displayed striking ectopic membrane blebbing during 

cytokinesis (Fig. 2E, Video 2). Membrane blebs—protrusions in the membrane—commonly 

form at the cell poles during cytokinesis (Charras, 2008). In wild type embryos, we observed 

such polar membrane blebs during cytokinesis in 17% of cells (N=23 cells from 2 embryos). 

Df(3L)R-G5 embryos carry a 617 kb deletion encoding about 90 genes. In these embryos, 
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53% of cells in cytokinesis (N=38 cells from 2 embryos) had at least one membrane bleb. 

Interestingly, in Df(3L)R-G5 embryos the cytokinesis blebs formed both at the cell poles and 

the cleavage furrow. In an extreme example, one dividing cell (Fig. 2E, Video 2) formed 

many, large membrane blebs at the ingressing furrow, similar to S2 cells depleted of the 

cytokinesis protein anillin (Somma et al., 2002; Echard et al., 2004).  

Another large deficiency, Df(3L)81k19, which deletes about 1.25 Mb, caused 

binucleate cells in multiple embryos. Live-imaging revealed furrow regression in 9.8% of 

cells (N=82 cells from 7 embryos) (Fig. 2F), significantly different from the perfect success 

rate observed in wild type embryos (N=50 cells from 4 embryos)(Fisher’s Exact test, 

p=0.024).  

Finally, we observed a slow ingression phenotype in Df(3R)Exel7283 embryos. Using 

the Syt-GFP, we measured the duration of furrow ingression from initiation—the first 

indentation at the cleavage furrow—to completion—closure of the furrow gap. In 

Df(3R)Exel7283 embryos, cells took longer to complete furrow ingression (145.7±22.1 

seconds [N=13 cells from 2 embryos] versus 110.9 ± 10.1 seconds in wild type [N=28 cells 

from 4 embryos]). Thus, although cytokinesis never failed, furrow ingression was slowed. 

This 98 kb deficiency deletes 17 genes, including the vesicle trafficking gene Sec23. 

However, analysis of Sec23 null embryos did not recapitulate the slow furrow ingression 

phenotype (H.D., Z.S., unpublished data), suggesting another gene within the deficiency is 

responsible.  

Slow furrow ingression during cytokinesis in Rop-null embryos 

In addition to deficiency lines, we also tested vesicle trafficking mutants for 

cytokinesis defects using this system. We focused on vesicle trafficking genes previously 

identified in cytokinesis cell culture screens to confirm those results in vivo and characterize 

their role in cytokinesis in an epithelial tissue where cells experience external forces. First, 

we tested the COPII coat protein Sec13, which is required for cytokinesis in the early C. 

elegans embryo (Skop et al., 2004). However, homozygous Sec13 mutant Drosophila 

embryos displayed normal cytokinesis during cycle 14 (R.A., unpublished observation), 

suggesting maternally loaded Sec13 was sufficient in our system.  

Next, we tested and identified a cytokinesis defect in Rop mutant embryos and, as 

described in the remainder of this report, characterized the role of Rop in cytokinesis. Rop is 

the Drosophila homolog of yeast SEC1 (Salzberg et al., 1993). Sec1/Munc18-like (SM) 

proteins are essential components of SNARE-mediated membrane fusion—they regulate 

activity of the trans-SNARE complex (Sudhof and Rothman, 2009). In Drosophila, Rop 
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functions in both general secretion and neurotransmitter release by interacting with the t-

SNARE syntaxin and regulating vesicle fusion with the plasma membrane (Harrison et al., 

1994; Halachmi et al., 1995; Wu et al., 1998). SM proteins are cytoplasmic (Sudhof and 

Rothman, 2009). Consistently, in the cycle 14 mitotic domains Rop exhibited a punctate 

distribution in the cytoplasm that sometimes co-localized with the cell cortex (Fig. S1 in 

supplementary material)(N=21 cells from 4 embryos).  

Live-imaging using the Syt-GFP showed that furrow ingression from initiation to 

completion took on average 1.3 times longer in zygotic Rop-null cells than wild type cells 

(Fig. 3A), suggesting that Rop may also play a role in vesicle-mediated membrane addition 

during cytokinesis. We confirmed these results by injecting fluorescently-labeled actin into 

wild type and Rop mutant embryos to mark the cell cortex and ingressing furrow. Timing 

analysis from furrow initiation (Fig3B, arrowhead) to completion (Fig. 3B, arrow) again 

showed Rop-null cells with significantly longer furrow ingression than wild type or 

heterozygous controls (t-test p<0.01)(Fig. 3C). Significantly, two different Rop-null alleles 

gave similar results, demonstrating that the defect was caused by mutation of Rop and not a 

background mutation. Finally, while furrows ingressed slowly their morphology appeared 

otherwise normal (Fig. 3B).  

Characterizing a temperature-sensitive Rop allele  

 Rop-null embryos exhibited a significant but mild cytokinesis defect without 

cytokinesis failure in cycle 14-16 divisions. Maternally-loaded Rop likely masked a more 

severe cytokinesis phenotype in the Rop-null embryos. During oogenesis, maternal Rop RNA 

is loaded into the embryo (Tomancak et al., 2002). While the embryo degrades a subset of 

maternal RNAs at the mid-blastula transition in cycle 14, low levels of Rop protein persist 

even in late stage RopG27/Df(3L)GN4 embryos (Harrison et al., 1994).  

To circumvent the maternally-loaded Rop, we used a temperature-sensitive Rop 

mutation. RopA19 and RopG11 are hypomorphic point mutations (Table 1)(Harrison et al., 

1994). Each allele is homozygous lethal and rescued by a Rop transgene (Harrison et al., 

1994). As previously shown, both RopA19 and RopG11 failed to complement the RopG27 null 

allele, but at room temperature complemented one another: RopA19/G11 adult males and 

females were viable and fertile (Table S2 in supplementary material)(Harrison et al., 1994; 

Wu et al., 1998). However, at 32°C these RopA19/G11 adults display neurological defects and 

premature death, showing that the heteroallelic combination is temperature-sensitive 

(Harrison et al., 1994).  
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 To determine the strength of the RopA19/G11 mutation, we assayed embryonic viability 

at permissive (25°C) and restrictive (32°C) temperatures. Rop-null embryos die late in 

embryogenesis from general secretion defects (Harrison et al., 1994). On the other hand, 

some hypomorphic Rop mutants survive into larval stages (Table 1). At the permissive and 

restrictive temperatures, 27.0% and 0.9% of embryos from RopA19/G11 parents hatched (Table 

S3 in supplementary material). Normal hatch rates for wild type embryos of 87.6% at 25°C 

and 86.3% at 32°C showed that the effect was specific to the RopA19/G11 mutation. These 

results suggest RopA19/G11 acted as a weak hypomorphic mutation at the permissive 

temperature and as a strong hypomorphic mutation at the restrictive temperature.  

Embryonic cytokinesis requires Rop 

 We used the temperature-sensitive RopA19/G11 to test if Rop is required for cytokinesis 

in the embryonic epithelial divisions during cycles 14-16. Mating RopA19/G11 females with 

RopA19/G11 males generated embryos with three different zygotic genotypes—homozygous 

RopA19, homozygous RopG11, and heteroallelic RopA19/G11. Because we could not distinguish 

between these zygotic genotypes by genetic markers, we call the genotype of this collection 

of embryos as RopTS (for their temperature-sensitive nature). Importantly, all three types of 

embryos inherited the same temperature-sensitive maternally loaded Rop protein, which 

made them phenotypically different from embryos with the same zygotic genotypes but 

maternally loaded with wild type Rop protein from a heterozygous female parent. 

We collected wild type and RopTS embryos and aged them at the permissive 

temperature until most embryos completed cellularization—a cytokinesis-like process (Fig. 

4A). After shifting and aging the embryos at the restrictive temperature, we assayed for 

binucleate cells, the classic phenotype of failed cytokinesis. As a control, we also aged 

embryos for the same amount of time at the permissive temperature. Staining with α-adducin 

antibody, α-lamin antibody, and DRAQ5 respectively marked the cell cortex, nuclear 

envelope, and DNA. Both wild type embryos at 25°C and 32°C as well as RopTS embryos at 

25°C had low multinucleate frequencies—on average less than 3% percent. RopTS embryos 

aged at 32°C contained on average 37% binucleate and even multinucleate cells, showing that 

Rop was required for cytokinesis (Fig. 4B,C). RopTS embryos displayed a wide range of 

multinucleate frequencies, perhaps from differences between the three zygotic genotypes.  

RopTS cells initiate furrow ingression normally  

 To determine what step of cytokinesis RopTS cells fail, we again turned to live-

imaging of the cycle 14 divisions, visualized by injecting fluorescent actin and histones. We 

used a custom built temperature stage to incubate wild type and RopTS embryos at 32°C prior 
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to and while imaging. In wild type embryos at 32°C, all cells divided normally (Fig. 5A, 

N=75 cells from 6 embryos, Video 3). 

 RopTS cells initiated furrow ingression normally. With the exception of one cell out of 

32, furrow ingression began in the RopTS cells that failed cytokinesis. Furthermore, these 

RopTS cells and wild type cells initiated furrow ingression with the same timing after 

anaphase onset, marked by sister chromatid separation (wild type 74.8 ± 22.7 seconds [N=29] 

versus RopTS 80.4 ± 12.52 seconds [N=9], t-test p-value=0.39). These results suggest that the 

early stages of cytokinesis, including actin-myosin ring formation and initiation of furrow 

ingression were normal in RopTS cells.  

Furrow regression in RopTS cells 

 In many RopTS cells, the cleavage furrow regressed during furrow ingression. We call 

this phenotype early regression (Fig. 5B,D, Video 4). In these cells, the furrow ingressed 

from 30% to 75% of the cell width at the start of cytokinesis (average = 45.9 ± 15.9%, 

N=11)(Fig. 5B, 2nd panel) but regressed before closing (Fig. 5B, right panels). Furrow 

ingression often proceeded slowly or stalled. Timing furrow ingression from initiation to 

regression showed significantly longer durations in these cells compared to wild type (Fig. 

5E). For example, in Fig. 5B over a minute passed between panels 2 and 3 with little to no 

ingression of the furrow. Interestingly, even some RopTS cells that divided successfully had 

slower furrow ingression than wild type cells, suggesting a mild furrow ingression defect, 

similar to the phenotype observed in RopG27 and RopA3 embryos.  

 We also saw RopTS cells where the furrow ingressed and closed normally but then 

later regressed, which we call late regression (Fig. 5C). On average, this regression occurred 

167 ± 108 seconds after the furrow closed, but in one cell occurred 349 seconds—almost six 

minutes—after furrow closure. Because we did not film all cells for long periods after a 

successful furrow closure, we surely missed identifying cells in which division failed long 

after furrow closure. Therefore, the frequency of late regression defects compared to other 

failure phenotypes was likely underrepresented (Fig. 5D). Timing from initiation to 

completion of furrow ingression showed some cells with slower furrow ingression but overall 

was not significantly different than wild type cells (Fig. 5E).  

Maintenance of the contractile ring and central spindle requires Rop 

 To further investigate the early regression phenotype in RopTS cells, we performed 

live-imaging of embryos with a Spaghetti squash-GFP fusion protein (Royou et al., 2004). In 

Drosophila, spaghetti squash (sqh) encodes the regulatory light chain for non-muscle myosin 

II (Karess et al., 1991). In previous experiments, we focused on cells that divided parallel to 
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the x-y plane, creating a cross-sectional view of the daughter cells and ingressing cleavage 

furrow. In this experiment, we found that when a cell divides perpendicular to the x-y plane, 

the maximum projection of three z-planes gave an informative top-down view of the circular 

contractile ring (Fig. 6A).  

In wild type cells, the contractile ring formed and contracted until closed (N=37 cells 

from 3 embryos)(Fig. 6A). Recapitulating our previous results, all RopTS cells that failed 

cytokinesis initiated furrow ingression normally (N=23 from 4 embryos) and some cells 

failed cytokinesis by early regression (N=15 from 4 embryos). In these cells, myosin 

localized normally to the cleavage furrow. Furrow ingression, indicated by the decreasing 

diameter of the contractile ring, progressed on average to one-third the original width of the 

cleavage furrow (32.3 ± 20.0%, N=9). Then, a gap formed in the myosin II ring. Over time 

this gap expanded as the ring disassembled until only a small remnant remained (Fig. 6A, 

arrowheads)(N=11 from 4 embryos). These results indicate that a failure to maintain the 

contractile ring during ingression caused the early regression phenotype in RopTS cells. 

 In these experiments, we also injected embryos with fluorescently labeled tubulin to 

monitor cell division. As expected, upon cytokinesis in wild type cells the microtubules first 

bundled into a central spindle and then compressed into a midbody as the cleavage furrow 

ingressed (Fig. S2A in supplementary material, Video 5)(N=36/37 cells from 3 embryos). In 

RopTS cells at 32°C, we observed normal mitotic spindles (Fig. S2B, left panel, Video 

6)(N=13/13 cells from 3 embryos), consistent with the normal chromosome segregation 

during mitosis observed in the previous experiment (H.D., unpublished observation). These 

results show that the cytokinesis defects in RopTS cells did not arise from gross defects in 

spindle assembly and dynamics. During telophase, microtubules bundled into a central 

spindle (Fig. S2B, arrow) but never formed a midbody when ingression failed (N=12/12 cells 

from 4 embyros). Instead, microtubules disappeared from the central midzone immediately 

prior to gap formation in the contractile ring (Video 6).  

 We confirmed these results by staining for tubulin and DNA in wild type and RopTS 

embryos aged at the restrictive temperature (Fig. 6B). In fixed analysis, the fate of a cell in 

cytokinesis was unknown. Therefore, we only analyzed cells from embryos with high 

binucleate frequencies, increasing the likelihood that these cells would have failed 

cytokinesis as well. Tubulin staining showed normal mitotic spindles, including astral and 

furrow microtubules, in wild type (N=46) and RopTS cells (N=34). During anaphase and early 

telophase the central spindle microtubules bundled together properly (wild type N=47 cells; 

RopTS N=42 cells). However, in late telophase, the central spindle microtubules became 
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disorganized in the majority of RopTS cells (N=34). Staining for anillin, a contractile ring 

protein, also showed its normal localization at the cleavage furrow in RopTS cells (Fig. 6B).  

Cell shape instability during cytokinesis in RopTS cells 

 In addition to the classic furrow regression phenotypes in RopTS cells, we 

unexpectedly observed a third type of cytokinesis failure, which we call destabilized 

contraction (Fig. 5D, 7A, Video 7). In these RopTS cells, a central cleavage furrow formed 

properly and furrow ingression again proceeded slowly (Fig. 5E, 7A). Then, during furrow 

ingression, cell shape became unstable such that one daughter cell shrunk in size as the other 

daughter cell enlarged (Fig. 7A, Video 7). This change in cell shape was accompanied by one 

daughter nucleus rapidly moving through the contractile ring, which had ingressed about half 

way (63.0 ± 9.4%, N=7 cells). Finally, completion of furrow ingression formed a binucleate 

cell and a tiny anucleate cell (Fig. 7A, arrow). During these shape changes, the contractile 

ring did not move relative to neighboring cells, suggesting the phenotype was not caused by 

ring detachment or ring slippage. We also observed mild cell shape instabilities where 

daughter cells transiently differed in size in 7 of the 12 cells that failed cytokinesis by early 

regression (Fig. 5B, arrow). In these cases, though, no nuclear movement occurred.  

 Similar cell shape instabilities during cytokinesis were previously documented in 

tissue culture cells with reduced expression of the actin-binding proteins anillin, profilin, 

diaphanous, or supervillin (Dean et al., 2005; Straight et al., 2005; Hickson and O'Farrell, 

2008; Piekny and Glotzer, 2008; Smith et al., 2010; Sedzinski et al., 2011). In these cases, 

mislocalization of myosin II from the cleavage furrow to the cell cortex caused ectopic polar 

contractions and rapid oscillations in daughter cell shape and size. However, in the 

destabilized RopTS cells, myosin localized to and remained at the cleavage furrow without 

mislocalization to the cell cortex of the shrinking daughter cell (Fig. 7B, arrowhead)(N=8 

from 3 embryos). Also, staining wild type and RopTS embryos aged at the restrictive 

temperature showed normal cortical F-actin during cytokinesis as well (Fig. S3 in 

supplementary material). Thus, unlike previous reports, the cell shape instability in RopTS 

cells was not driven by ectopic actin-myosin contractions at the polar cortex.  

Discussion 

Cytokinesis requires the Sec1/Munc18 protein Rop 

Our data demonstrate that furrow ingression and abscission during cytokinesis 

requires Rop, a Sec1/Munc18 protein that mediates exocytosis. This adds to a growing 

literature concluding that furrow ingression during cytokinesis often involves both 

contraction of an actin-myosin ring and vesicle-mediated membrane addition (Albertson et 
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al., 2005; McKay and Burgess, 2011). Mutations in the t-SNARE syntaxin also cause defects 

in furrow ingression and abscission, showing that trans-SNARE complexes mediate 

membrane fusion at the cleavage furrow (Burgess et al., 1997; Jantsch-Plunger and Glotzer, 

1999; Somma et al., 2002; Low et al., 2003). By interacting with syntaxin, Sec1/Munc18 

proteins regulate the assembly and activity of the trans-SNARE complex (Carr and Rizo, 

2010). Our results suggest that Rop regulates syntaxin-mediated vesicle fusion during 

cytokinesis.  

 Using live-imaging we discovered slowed furrow ingression in Rop-null embryos 

(Fig. 3). We hypothesize this is a direct consequence of reduced Rop-mediated vesicle 

addition to the ingressing furrow. If actin-myosin contraction outpaces membrane growth, the 

plasma membrane may rupture from insufficient surface area (Danilchik et al., 1998; Field et 

al., 2005). Thus, the integrity of the advancing furrow requires coordinating contraction with 

membrane addition. The slowed furrow ingression in Rop-null embryos implies a feedback 

mechanism may slow actin-myosin contraction to compensate for reduced membrane growth.  

 Maternally-loaded Rop likely compensated partially for the Rop-null mutation, 

masking a more severe phenotype (Baker et al., 1982; Langley et al., 2014). To bypass 

maternal loading, we used a temperature sensitive Rop mutant. RopTS embryos aged at the 

restrictive temperature contained many binucleate cells, indicative of failed cytokinesis (Fig. 

4). This is consistent with the binucleate phenotype observed after knockdown of Rop in an 

RNAi screen in Drosophila S2 cells (Echard et al., 2004). 

We further used live imaging to determine the cause of cytokinesis failure in RopTS 

cells. Furrow ingression initiated normally, suggesting that Rop-mediated vesicle fusion was 

not required for establishing the site of the cleavage furrow or assembling the contractile ring. 

Consistently, both the myosin regulatory light chain (Sqh-GFP) and anillin localized properly 

to the cleavage furrow (Fig. 6). We observed multiple cytokinesis defects in RopTS cells (Fig. 

7C). In some RopTS cells furrows ingressed with normal kinetics. These cells either 

successfully completed cytokinesis or failed abscission and regressed. In the remaining RopTS 

cells, furrows ingressed slowly and often stalled. These cells successfully completed 

cytokinesis, regressed during furrow ingression, or lost cell shape stability (Fig. 7C).  

Maintenance of the contractile ring requires Rop-mediated vesicle addition 

In RopTS cells exhibiting early regression, the contractile ring disassembled (Fig. 6A). 

Previous studies demonstrated a similar connection between vesicle addition and contractile 

ring integrity during furrow ingression (Giansanti et al., 2004; VerPlank and Li, 2005; Gatt 

and Glover, 2006; Giansanti et al., 2006; Giansanti et al., 2007; Robinett et al., 2009), 
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perhaps because vesicles deliver both actin and actin remodelers as well as membrane to the 

cleavage furrow during cytokinesis (Albertson et al., 2008; Cao et al., 2008; Dambournet et 

al., 2011; Schiel et al., 2012). Therefore, we propose that disruption of the Rop-mediated 

vesicle fusion at the advancing furrow also disrupted actin regulation at the cleavage furrow 

in RopTS cells, causing ring disassembly and furrow regression.  

An alternative explanation for ring disassembly is that furrow ingression was so slow 

the cell progressed into interphase before completing cytokinesis. The time period in which a 

cell is competent to execute cytokinesis is known as C-phase (Martineau et al., 1995; Canman 

et al., 2000). Perhaps, exiting C-phase before finishing cytokinesis caused furrow regression 

in RopTS cells. This model predicts a temporal cutoff in cytokinesis, with any cell failing 

cytokinesis if it delays too long after anaphase onset. Our timing analysis of furrow 

ingression suggests this was not the case for RopTS cells. Some RopTS cells slowly but 

successfully completed furrow ingression 250 seconds after initiating ingression. Thus, the 

many cells that underwent regression before 250 seconds after initiation were likely still in C-

phase. 

We also observed disorganized central spindles in RopTS cells with early regression 

(Fig. 6B, S2, Video 6); however, timing suggests the primary defect lay in furrow ingression. 

At the onset of cytokinesis, furrows ingressed slowly while the central spindle always formed 

and bundled properly, only later disappearing or becoming disorganized. Maintenance of the 

central midzone and the contractile ring requires signaling between the two structures 

(Martineau et al., 1995; Caremna et al., 1998; Giansanti et al., 1998; Gatti et al., 2000; 

Somma et al., 2002; Straight et al., 2003). We hypothesize that as RopTS cells lost contractile 

ring integrity, signals to maintain the central spindle were also lost. 

Cell shape stability during cytokinesis requires Rop 

 We also observed cell shape instability in RopTS cells at the restrictive temperature. 

During cytokinesis, daughter cells changed size where one daughter cell increased in size as 

the other cell decreased in size. This phenotype was either mild and transient, as observed in 

early regression cells (Fig. 5B, arrow), or extreme in destabilized contraction (Fig. 7, Video 

7). Researchers previously observed such instability in cell shape during cytokinesis in cell 

culture experiments (Dean et al., 2005; Straight et al., 2005; Hickson and O'Farrell, 2008; 

Piekny and Glotzer, 2008; Smith et al., 2010; Sedzinski et al., 2011). To our knowledge, the 

studies presented here are the first report of cell shape instabilities within an epithelial tissue.  

During cytokinesis an imbalance in polar cortical forces or a global increase in 

cortical tension can cause cell shape instability (Sedzinski et al., 2011). What force drives the 
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destabilized contraction in RopTS cells remains unclear. Unlike previously reported examples, 

myosin did not mislocalize to the contracting polar cortex of RopTS cells (Fig. 7B). While 

Munc18-1 regulates actin depolymerization at the cell cortex in mammalian cells (Toonen et 

al., 2006), RopTS cells displayed normal cortical actin during cytokinesis (Fig. S3). 

Furthermore, during cycle 14 divisions in Drosophila embryos, other cytokinesis mutants 

with slow furrow ingression, such as Df(3R)Exel7283 and Cyclin B3, maintained stable cell 

shape (Echard and O'Farrell, 2003). This shows that external forces from neighboring cells 

are insufficient to destabilize a slowly dividing cell. Whatever the force, we hypothesize that 

the increasing pressure from the shrinking daughter cell pushed the daughter nucleus through 

the contractile ring because nuclear movement always coincided with the change in cell size. 

Rop and syntaxin function together during cytokinesis 

 During vesicle fusion, Sec1/Munc18 proteins regulate the assembly and activity of 

trans-SNARE complexes by interacting with the t-SNARE syntaxin. We found that Rop is 

required for furrow ingression and abscission—the same steps in cytokinesis that require 

syntaxin (Jantsch-Plunger and Glotzer, 1999; Somma et al., 2002; Low et al., 2003). This 

suggests that Rop and syntaxin function together during cytokinesis.  

 We interpret the Rop mutant cytokinesis phenotype as a consequence of decreased 

vesicle fusion at the cleavage furrow. However, we should note that in Drosophila Rop both 

inhibits and promotes vesicle fusion at the neuronal synapse (Schulze et al., 1994; Wu et al., 

1998). Two viable mutations in Rop disrupt its inhibitory role and increase neurotransmitter 

release (Wu et al., 1998). Because cytokinesis is an essential process, this suggests that Rop’s 

inhibitory function is not essential to its role in cytokinesis. RopA19 and RopG11—the two 

mutations used in this study for the temperature-sensitive combination—decrease 

neurotransmitter release (Harrison et al., 1994; Wu et al., 1998). This suggests that Rop 

functions in cytokinesis by promoting vesicle fusion, consistent with the similar phenotypes 

between syntaxin and Rop.  

 An SM protein and syntaxin also function together during plant cytokinesis (Assaad et 

al., 1996; Waizenegger et al., 2000; Assaad et al., 2001). Restricted by their rigid cell walls, 

during cell division plant cells build a new cell membrane from within by fusion of Golgi-

derived vesicles (Jurgens, 2005). The Sec1/Munc18 homolog KEULE stabilizes the open 

confirmation of its syntaxin KNOLLE to promote formation of trans-SNARE complexes 

between vesicles at the cell plate (Park et al., 2012). Together with our results, this highlights 

conserved functions of vesicle trafficking genes between plant and animal cytokinesis.  
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A live-imaging screen for cytokinesis defects in the Drosophila embryo 

 Using live-imaging of Drosophila embryos, we also screened deficiencies for defects 

in cytokinesis. We identified three deficiencies with cytokinesis phenotypes (Fig. 2C). 

Importantly, live imaging detected subtle phenotypes, such as slow furrow ingression and 

ectopic blebbing, that did not cause cytokinesis failure and would be missed by a fixed, 

single-time point analysis.   

 Df(3L)R-G5 embryos exhibited increased blebbing during cytokinesis. While blebs at 

the cell poles commonly occur during cytokinesis (Charras, 2008), Df(3L)R-G5 cells 

exhibited a higher frequency of polar blebs. These polar blebs release cortical tension to 

stabilize cell shape during cytokinesis (Sedzinski et al., 2011). Large membrane blebs also 

occurred at the cleavage furrow in two cells in a Df(3L)R-G5 embryo (Fig. 2E). Such 

equatorial membrane blebs do not normally occur during cytokinesis. Researchers previously 

observed similar membrane blebs at the cleavage furrow in the absence of anillin, a 

contractile ring protein that cross-links the actin-myosin ring to the membrane (Somma et al., 

2002; Echard et al., 2004). While the Df(3L)R-G5 genomic region does not include anillin, it 

may encode a protein that regulates forces at the cell cortex or mediates cytoskeletal 

attachment to the plasma membrane.  

 We based the logic of our deficiency screen on a strategy developed by Wieschaus 

and colleagues (Merrill et al., 1988). In Drosophila, the 13 syncytial divisions before 

cellularization do not require zygotic gene expression. Through deficiency screening of the 

entire genome, they showed that only seven zygotic genes were required for cellularization 

(Merrill et al., 1988; Wieschaus and Sweeton, 1988). Because the first conventional 

cytokinesis in Drosophila embryos immediately follows cellularization, we used the same 

approach to begin screening the zygotic genome for genes required for cytokinesis. By 

screening 15% of the 3rd chromosome, we identified three genomic regions. This suggests the 

remainder of the genome will yield many more zygotic genes important in cytokinesis. 

Finally, we point out that this same logic can be used to identify zygotically expressed genes 

that are required in other cellular and developmental events that occur immediately following 

cellularization, such as gastrulation and germ band elongation. 
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Materials and Methods 

Fly strains and husbandry 

 We used the following Drosophila melanogaster fly strains: TM3, twist-GAL4,UAS-

GFP  and FM7c, twist-GAL4,UAS-GFP balancer chromosomes (Halfon et al., 2002); UAS-

Synaptotagmin-GFP (UAS-Syt-GFP) (Zhang et al., 2002); matα-GAL4-VP16 driver; nullo6F1-

2 (Wieschaus and Sweeton, 1988); EMS-induced mutations RopG27, RopA3, RopA19, and 

RopG11 (Harrison et al., 1994); spaghetti squash-GFP (Royou et al., 2004); y,w67 for wild 

type. Table S1 in the supplementary material lists the deficiency lines screened for 

cytokinesis defects. Flies were raised on standard cornmeal and molasses food at room 

temperature or 25°C. The RopA19/G11 flies must be raised at room temperature. Embryos were 

collected on grape agar plates from collection bottles, as previously described (Rothwell and 

Sullivan, 2000).  

Screen for cytokinesis defects 

 To screen for cytokinesis defects in mutant cycle 14 embryos we performed a two 

generation crossing scheme. matα-GAL4-VP16, UAS-Syt-GFP; Dr/Tm3, twist-GAL4, UAS-

GFP crossed to Df/balancer produced matα-GAL4-VP16, UAS-Syt-GFP/+; Df/Tm3, twist-

GAL4, UAS-GFP females that were then crossed to Df/Tm3, twist-GAL4, UAS-GFP males. 

Embryos were collected from this second cross and homozygous deficiency embryos were 

identified by the absence of the TM3, twist-GAL4,UAS-GFP balancer chromosome, which 

gives GFP fluorescence in the mesoderm by stage 8 of embryogenesis (Halfon et al., 2002). 

For deficiencies on the X chromosome, a similar crossing scheme with the FM7c twist-GAL4, 

UAS-GFP balancer chromosome was used. At least two homozygous mutant embryos were 

analyzed for each deficiency line.  

Live embryo analysis 

 To image live embryos, embryos were collected for 1 hour and then aged at 25°C for 

75 minutes for embryos being injected or for 3 hours for Syt-GFP embryos. Embryos were 

then hand-dechorionated on double-sided tape, affixed to the cover glass slide by heptane-

based glue, desiccated for 8-10 minutes if being injected, and covered in halocarbon oil 

(Tram et al., 2001).  

 Embryos were injected with fluorescently-labeled proteins as previously described 

except needles were loaded from the front instead of the back (Tram et al., 2001). Described 

briefly, protein was injected at approximately one-third length of the embryos from the 

anterior pole during syncytial cycles 12-13 or cellularization. We used rhodamine non-muscle 
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actin (Cat. #APHR, Cytoskeleton, Inc.; Denver, Colorado, USA) reconstituted in General 

Actin Buffer (5 mM Tris-HCl pH 8.0, 0.2 mM CaCl2, 0.2 mM ATP, 0.1 mM DTT) at 2 or 3.3 

mg/ml for single injection experiments and 5 mg/ml for double injection experiments. We 

injected HiLyte Fluor 647 labeled tubulin (Cat. #TL670M, Cytoskeleton, Inc.)  at 10 mg/ml, 

reconstituted in General Tubulin Buffer (Cat. #BST01, Cytoskeleton, Inc.). Cy5-labelled 

histones H2A/B were kindly provided by Ellen Homola (University of Alberta, Canada). 

Embyros were not used for imaging if they showed extensive trauma from injection, such as 

severe nuclear fallout or excessive bleeding of cytoplasm at the site of injection. Injection 

experiments were repeated over multiple days and the data pooled together.  

 When required, embryos were shifted to 32°C during cellularization using a custom-

built temperature stage that heated the halocarbon oil by a surrounding temperature-

controlled metal plate. Slides were glued to this metal plate using heat paste and the 

temperature of the halocarbon oil was monitored with a thermocouple thermometer (Cat. 

#HH506RA, Omega; Stamford, Connecticut, USA). When turned on, the temperature stage 

elevated the halocarbon oil from room temperature to 32°C within one minute. Afterwards, 

the halocarbon oil temperature fluctuated by one degree, centered around 32°C.  Images were 

acquired using a dry objective to avoid the heat sink of an oil objective.  

Embryo fixation and immunostaining 

 Embryos were collected, fixed by the fast formaldehyde fix protocol, and stained as 

previously described with the few noted differences (Rothwell and Sullivan, 2000).  Briefly, 

embryos were dechorionated by treating with a 50% bleach solution for 1-2 minutes. 

Embryos were fixed for five minutes with 37% formaldehyde and the vitelline membrane 

cracked with methanol. Embryos were incubated in methanol overnight at 4°C to clear out 

yolk. Embryos were directly rehydrated in PBS, 0.5% BSA, 0.1% Triton-x-100 for 15 

minutes. When staining with phalloidin for F-actin, embryos were devitellinized by hand 

instead of with methanol, as previously described (Rothwell and Sullivan, 2000).  

Primary and secondary antibodies were incubated at room temperature in PBS, 5% 

BSA, 0.1% Triton-X-100 for 4 hours or 1-2 hours, respectively. We used the antibodies 1B1 

mouse anti-adducin at 1:10 (Developmental Studies Hybridoma Bank; Iowa City, Iowa, 

USA), rabbit anti-lamin at 1:2000 (Lin and Fisher, 1990), 4F8 mouse anti-Rop at 1:10 

(Developmental Studies Hybridoma Bank), mouse anti-α-tubulin at 1:100 (Cat. # T9026, 

Sigma; St. Louis, Missouri, USA), rhodamine-labeled rabbit anti-anillin at 1:200 (Field and 

Alberts, 1995), and Alexa Fluor-488 and -546 conjugated goat secondary antibodies at 1:600 

(Molecular Probes, Inc. by Thermo Fisher Scientific; Waltham, Massachusetts, USA). To 
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visualize F-actin, Alexa Fluor 488 Phalloidin (Cat #A12379, Molecular Probes, Inc.) was 

added at 1:100 during staining with the secondary antibodies. To stain DNA, embryos were 

incubated with 6.66 µM DRAQ5 (ab108410, Abcam; Cambridge, United Kingdom) for 1 

hour at room temperature and washed overnight at 4°C. Embryos were mounted in a 

glycerol-based mounting medium. 

Microscopy, image processing, image analysis, and statistics 

 Images were acquired at room temperature on a Leica Microsystems (Wetzlar, 

Germany) SP2 scanning laser confocal microscope with an inverted photoscope (Leitz 

DMIRB) using Leica Confocal Software (v2.61). We used the following objective lenses 

with the corresponding cover slide: 63x HCX PL APO 1.4 NA oil objective (No. 1 to 1.5 

cover glass), 40x 0.6 CORR PH2 dry objective (1 mm glass slide), and 40x HCX PL 

FLUOTAR 0.75 NA dry objective (No. 1.5 cover glass).  

Using Fiji (ImageJ) and Adobe Photoshop, all images were adjusted to increase 

brightness and scaled without interpolation. Time-lapse images of live samples were filtered 

with a Gaussian blur (σ ≤ 1 pixel). Membrane blebbing, furrow ingression timing, and 

multinucleate frequency were determined manually in Fiji, in the last case using the plug-in 

“Cell Counter”. For consistency in the analysis of membrane blebs, we only analyzed cells 

surrounded by neighboring cells. Data were randomly blinded for analysis of multinucleate 

frequency presented in Fig. 4 and for analysis of furrow ingression timing presented in Fig. 3.  

N was defined as the number of cells analyzed and statistical analyses were only 

performed when three or more embryos were analyzed per genotype. Two-tailed Student’s t-

tests were performed assuming unequal variance when an F-test showed significantly 

different variances between samples. To compensate for multiple comparisons, a Bonferonni 

correction was used and p values considered significant when less than 0.01.  

Egg hatch analysis 

 Embryos were collected on grape plates for one hour at 25°C. Yeast paste, applied to 

the grape plate prior to collection to encourage egg laying, was removed from the plates 

before shifting them to 32°C because the yeast spreads when incubated at 32°C for long time 

periods. Grape plates and embryos were shifted to 32°C and aged for 30 hours. Afterwards, 

we scored the number of hatched and unhatched embryos on the plate. Three biological 

replicates were performed and the average (± standard deviation) egg hatch frequency 

reported.  
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Figures 

 

 

 

Figure 1. Mitotic domains in early Drosophila embryos. 

(A) Schematic of early stages of embryogenesis. Line graph indicates development timing in 

minutes after egg deposition (AED) at 25°C (Foe et al., 1993). Above the graph, line 

drawings (styled after (Foe and Alberts, 1983)) show embryo morphology at different stages. 

Shaped triangles below the line graph represent relative levels of maternally loaded versus 

zygotically produced mRNAs and proteins. (B) Immunofluorescence image of anti-tubulin 

staining in a fixed cycle 14 embryo. Anterior on the left, ventral at the top. Box indicates 

inset in panel C. Arrows indicate two mitotic domains. (C) Immunofluorescence image of 

cycle 14 mitotic domain. Anti-tubulin staining (green) marks mitotic spindles and midbodies. 

DNA staining (red) marks chromosomes. Note cells in metaphase, anaphase, and telophase. 

Scale bars represent 25 µm.    
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Figure 2. Cytokinesis defects identified in live-imaging screen of Drosophila embryos.  

(A) Genotypes and crossing scheme used to create homozygous deficiency embryos 

maternally loaded with Synaptotagmin-GFP (Syt-GFP). mat-GAL4 drives maternal loading, 

twist(twi)-GAL4 drives embryonic expression. (B) GFP signal of mitotic domains in cycle 14 

embryos either homozygous or heterozygous for Df(3L)R-G5. Homozygous embryos were 

identified by the absence of ubiquitous cytoplasmic GFP from the twist-GAL4, UAS-GFP 

balancer chromosome. Maternally loaded Syt-GFP marks cell membranes in both embryos. 

(C) Diagram of the X and 3rd chromosomes, shown as gray boxes, with cytological numbers 
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indicated above. Boxes below the chromosomes depict the deficiency lines screened. Black 

indicates phenotype observed. White indicates no phenotype. Location of three genes also 

noted. (D-F) Time-lapse images of Syt-GFP in cycle 14 mitotic domains of wild type (D, 

Video 1), Df(3R)R-G5 (E, Video 2), and Df(3L)81k19 (F) embryos. Syt-GFP marks the 

plasma membrane and ingressing furrow. Time from the beginning of furrow initiation of the 

first cell to divide indicated. (D) Normal furrow ingression (arrowheads) in wild type cells. 

(E) In Df(3L)R-G5 embryos, cytokinesis cells displayed abnormally large membrane blebs 

(arrowheads) and ectopic blebs at the furrow (arrow). (F) In Df(3L)81k19 embryos, 

cytokinesis furrows regressed. Scale bars represent 5 µm. 
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Figure 3. Slow furrow ingression in Rop-mutant embryos.  

(A,C) Graphs of timing of furrow ingression during cytokinesis in wild type, Rop 

heterozygous, and Rop mutant embryos. The duration of furrow ingression was measured 

from initiation to completion using Synaptotagmin-GFP (A) or rhodamine-actin (C) to mark 

the cell membrane and ingressing furrow. Each circle represents timing for a single cell. 

Black bars mark the average mean time for each genotype. Asterisk indicates  data were 

significantly different from wild type by a t-test with p-value <0.01. Data from N embryos for 

each genotype: (A) wild type—3, RopG27—2 (C) wild type—3, Rop heterozygous—3, 

RopA3—4, RopG27—3. (B) Time-lapse images of fluorescently labeled actin from live-

imaging of cytokinesis in wild type (yw67) and Rop mutant embryos. Arrowheads mark the 

first indentation of the cleavage furrow, defined as furrow initiation. Arrows mark furrow 

completion when opposing sides of the ingressing furrow meet. Scale bars represent 5 µm.  
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Figure 4. Embryonic cytokinesis requires Rop.  

(A) Diagram of the timing of temperature shifts used in collection and aging wild type and 

RopTS embryos. The bottom line graph indicates the timing of mitotic cycles at 25°C in 

minutes after egg deposition (AED). Boxes represent the 60 minute age range of embryos at 

collection, temperature shift, and fixation.  (B) Immunofluorescent images of epidermal cells 

of wild type (yw67) and RopTS embryos at the restrictive temperature 32°C. Antibody staining 

against adducin (green) and lamin (red) respectively mark the cell membrane and nuclear 

envelope. DNA staining identifies mitotic cells. Scale bars represent 10 µm. (C) Graph of the 

frequency of multinucleate cells in wild type (WT) and RopTS  embryos at the permissive 
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(25°C) and restrictive (32°C) temperatures. Each circle represents the multinucleate 

frequency of one embryo. For each embryo, we scored at least 100 cells. Data from N 

embryos for each condition: WT 25°C—7, RopTS 25°C—7,  WT 32°C—16, RopTS 32°C—24. 

Black bars indicate the average mean multinucleate frequency for each condition. RopTS 

embryos at 32°C were significantly different from wild type embryos at 25°C and 32°C 

degrees by a t-test with p-value <0.01. Similar results were obtained in a second, independent 

experiment.  
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Figure 5. Furrow regression during cytokinesis in RopTS  embryos.  

(A-C) Time-lapse images of cytokinesis in (A) wild type (yw67) and (B-C) RopTS embryos at 

the restrictive temperature 32°C. Rhodamine-actin (gray or red) labels the cell cortex and 

Cy5-histone (green) marks DNA. Time after initiation of furrow ingression denoted in upper-
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left corner. Scale bars represent 5 µm. Arrowheads follow the cleavage furrow. (A, Video 3) 

Example of normal furrow ingression in wild type cell. (B, Video 4) Example of an early 

regression cytokinesis failure. Furrow ingression began but stalled and regressed before 

ingression completed. Abnormal cell shape also observed (arrow). (C) Example of a late 

regression cytokinesis failure. Furrow ingression proceeded normally through completion but 

then later regressed. (D) Bar graph of the frequency of the type of cytokinesis failure in RopTS 

cells. N=32 failed divisions from 7 embryos. (E) Graph of the duration of furrow ingression 

in wild type and RopTS cells at 32°C. For wild type and successful and late regression RopTS 

cells, furrow ingression was measured from initiation to completion. For RopTS cells 

exhibiting the early regression phenotype, furrow ingression timing was measured from 

furrow initiation to the onset of regression. For RopTS cells exhibiting the destabilized 

contraction phenotype, furrow ingression timing was measured  from furrow initiation to 

destabilization, defined as a nucleus moving through the contractile ring. Data from N cells 

for each condition: wild type—31, successful—14, early regression—12, late regression—8, 

destabilized contraction—7. Asterisk indicates timing was significantly different than wild 

type cells by a t-test with p-value <0.01.  
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Figure 6. Disassembly of contractile ring causes early regression in RopTS cells. 

(A) Time-lapse images of contractile ring marked by the myosin regulatory light chain fused 

to GFP (Sqh-GFP)  in wild type and RopTS cells at 32°C. Imaging cells that divided 

perpendicular to the x-y plane produced an end on view of the contractile ring. Arrowheads 

follow the gap in the ring as it disassembled. Maximum projection of 3 z-planes. Time from 

initiation of furrow ingression indicated. Scale bars represent 5 µm. (B) Immunofluorescent 

images of dividing epithelial cells in wild type (yw67) and RopTS embryos at 32°C. Anti-

tubulin staining (gray or green) shows RopTS cells have normal microtubules metaphase 

through early telophase. By late telophase, identified by decondensed nuclei, central spindle 

microtubules became disorganized and less dense. Anti-anillin (red) and DRAQ5 (blue) 

staining respectively mark the contractile ring and DNA. Scale bars represent 5 µm. 

Maximum projection of multiple z-planes. N cells were analyzed for each stage: wild type—

46, 38, 9, 16, 18; RopTS—34, 34, 8, 24, 34. Representative images shown.  
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Figure 7. Unstable cell shape during cytokinesis in RopTS cells. 

(A) Destabilized contraction in a RopTS cell. Rhodamine-actin (gray or red) labels the cell 

cortex and Cy5-histone (green) marks DNA. Arrowheads follow the cleavage furrow. Furrow 

ingression began but stalled. One daughter nucleus moved through the contractile ring 

(asterisk) as that daughter cell shrunk in size. Furrow closure pinched off a small, anucleate 

cell (arrow). Time since initiation of furrow ingression denoted. Scale bar represents 5 µm. 

Corresponds to Video 7. (B) Time-lapse images of destabilized contraction in RopTS cells at 

32°C. The myosin regulatory light chain fused to GFP (Sqh-GFP, green) marks the 

contractile ring. No ectopic myosin present in cell cortex outside furrow (arrowhead). HiLyte 

647-conjugated tubulin (red) labels microtubules. Midzone microtubules formed normally 

(arrow). Yellow dashed lines approximate cell boundary. White dashed line outlines daughter 

nucleus as it moves through the contractile ring. Time from initiation of furrow ingression 
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indicated in upper left corner. Maximum projection of 2 z-planes. Scale bar represents 5 µm. 

(C) Summary of cytokinesis phenotypes observed in wild type and RopTS cells at the 

restrictive temperature.  
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Tables 

 

Table 1. Summary of Rop alleles. 

Allele Type of mutationa Lethal stagea  

RopG27 Null Embryo 

RopA3 Null Embryo 

RopA19 Hypomorph Embryo to 1st instar larvae 

RopG11 Temperature sensitive 

hypomorph 

25°C – 3rd instar larvae 

27°C – Embryo 

RopA19/G11 Temperature sensitive 24°C – Not lethal 

32°C –  Embryob  
a According to reference (Harrison et al 1994), unless otherwise noted 
b This work. 

 


