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ABSTRACT 

The ability of epithelial cells to divide along their long cell axis, known as 

“Hertwig’s rule”,  has been proposed to play an important and wide-ranging role 

in homogenising epithelial cell packing during tissue development and 

homeostasis. Since the position of the anaphase spindle defines the division 

plane, how divisions are oriented requires an understanding of the mechanisms 

that position the mitotic spindle. While many of the molecules required to orient 

the mitotic spindle have been identified in genetic screens, the mechanisms by 

which spindles read and align with the long cell axis remain poorly understood. 

Here, in exploring the dynamics of spindle orientation in mechanically distinct 

regions of the fly notum, we find that the ability of cells to properly orient their 

divisions depends both on cortical cues and on local tissue tension. Thus, 

spindles align with the long cell axis in tissues in which isotropic tension is 

elevated, but fail to do so in elongated cells within the crowded midline, where 

tension is low. Importantly, these region-specific differences in spindle 

behaviour can be reversed by decreasing or increasing the activity of non-muscle 

Myosin II. In addition, spindles in a tissue experiencing isotropic stress fail to 

align with the long cell axis if cells are mechanically isolated from their 

neighbours. These data lead us to propose that isotropic tension is required 

within an epithelium to provide cells with a mechanically stable substrate upon 

which localised cortical Dynein can pull on astral microtubules to orient the 

spindle. 
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INTRODUCTION 

A typical interphase epithelial cell has a well-defined apico-basal polarity that is 

maintained by mutually antagonistic interactions between conserved sets of 

polarity proteins positioned at different sites along the cell’s apico-basal axis [1–

3]. To maintain and transmit this polarity axis during cell division so that each 

daughter cell inherits an apical and basal domain, the mitotic spindle must be 

properly aligned with the plane of the tissue [4,5] as it defines the cell division 

plane at anaphase [6,7]. In many systems, positioning the spindle in the plane of 

the tissue, or z-positioning, is important since mis-orientation can result in 

defects in epithelial organisation [8,9] and the loss of cells from the epithelium 

[10–13]. Within the plane of the tissue, xy-positioning of the spindle is also 

important. Spindles positioned at the centre of the cell allow for the equal 

distribution of cellular material between daughter cells during a symmetric 

division [14,15], while spindle alignment with the long cell axis helps to limit cell 

elongation. The latter is often known as the long-axis or Hertwig’s rule [5,16–20], 

and has been suggested to play important roles in maintaining homeostatic cell 

packing and in aiding the relaxation of tissues subjected to mechanical strain 

[17,20–23]. However, the mechanisms that enable spindles to detect and orient 

with the long cell axis in the plane of the epithelium remain poorly understood. 

Spindles are positioned by forces acting on astral microtubules (MTs) emanating 

from the centrosomes at opposing spindle poles. In most cases Dynein-based 

pulling forces appear to play a dominant role in positioning the mitotic spindle 

[23–28]. In mitotic epithelial cells, this Dynein is associated with 

Mud/NuMA/LIN-5 [5,29] at the cell cortex [5,25,30,31]. The active Dynein 

complex anchored to the cortex then walks towards the minus-ends of astral 

microtubules, effectively ‘reeling’ in the centrosome to reposition the spindle. 

Recently in the fly notum, Mud/NuMA was also found enriched at tricellular 

junctions (TCJs, where 3 or more cells come into contact) in interphase and 

mitotic cells [23]. This localisation was found to depend on the TCJ proteins, Dlg 

(Discs large) and Gli (Gliotactin), which the authors showed are also required for 

mitotic spindle orientation in this tissue [23]. These observations led the authors 

to propose that TCJ-localised Mud/NuMA links interphase cell shape to mitotic 

spindle orientation [23]. A theoretical model based on TCJs was able to predict 

experimental spindle orientation to within 30° [23]. While impressive, this 

suggests that the system is noisy. Moreover, Mud/NuMA is not found enriched at 

TCJs in other tissues and model systems [22,29,32,33], raising the possibility that 

TCJ-localised Mud/NuMA may only be one component of the system in the fly 

notum, and that additional mechanisms might be involved in spindle orientation 

more generally [34]. 
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One such factor may be mechanical tension. Extrinsic mechanical cues can orient 

mitotic spindles in isolated cells in culture, where spindles position according to 

the pattern of actin-based retraction fibres that connect cells to the substrate 

[35–37], and spindles are able to rotate to align with a tension axis independent 

of cell shape in prometaphase [38]. In epithelial tissues, spindles have also been 

shown to orient along a stretch axis [20–22,39,40]. However, it remains unclear 

whether spindles in epithelia orient in response to stretch by directly sensing 

and aligning with the imposed tension axis and/or by aligning with the long cell 

axis and/or to the position of TCJs, since all of these cues tend to align in the 

same direction [20–22,39,40].  

Here, to determine the relative importance of shape and tension in spindle 

orientation, we compared the dynamics of spindle orientation within the distinct 

mechanical environments present in the developing fly notum midline. The 

notum is a single-layered epithelium that lies at the surface of developing fly 

pupa, making it an excellent system in which to combine genetics and live cell 

imaging in the study of cell division [41–45]. Previous work in the notum has 

demonstrated that cells within the tissue midline (ML) experience significant 

crowding but little to no tension, despite being very elongated [46]. By contrast, 

cells outside the midline (OML) are less elongated but experience elevated levels 

of isotropic tissue tension [46,47]. This decoupling of shape and tension makes 

the notum an ideal system in which to determine their relative contributions to 

spindle orientation. Strikingly, our analysis revealed that mis-oriented spindles 

in the crowded midline of the wildtype tissue could not re-orient to obey the 

long-axis rule – necessitating the use of alternative mechanisms of cells packing 

refinement [46]. Importantly, the effects of endogenous high/low tissue tension 

could be recapitulated by modifying tissue tension through the modulation of 

non-muscle Myosin II activity or laser ablation.  Furthermore, we show that 

these differences in spindle re-orientation result from differences in the 

persistence of spindle rotation towards the long cell axis, which depend in turn 

on the local levels of isotropic tissue tension. Based on these data, we propose a 

model for epithelial spindle orientation in which tissue tension promotes the 

effective rotation of spindles towards the long cell axis by providing a 

mechanically stable substrate upon which localised cortical Dynein can pull. 
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RESULTS 

Cells in the fly notum midline fail to divide along to their long cell axis 

Cells in the central part of the notum undergo a single round of division between 

15-19h after pupariation (AP) [42]. At the start of this period, cells in the tissue 

midline appear very elongated (Fig S1A-B). Nevertheless, because of tissue 

crowding, these cells experience little isotropic tension, as measured by laser 

ablations of adherens junctions [46]. By contrast, cells outside of the midline are 

subjected to elevated levels of isotropic tension [46,47], despite being less 

elongated (Fig S1A-B). By 19h AP, however, when the round of division is 

complete, cell shapes, cell packing and tissue mechanics have become much 

more homogenous across the entire tissue (Fig S1A) - a process we have termed 

tissue refinement [46,47]. We exploited these regional mechanical differences to 

investigate how tissue tension affects cell division to the long axis to aid this 

process. 

To follow spindle orientation relative to cell shape over time, Tubulin-mCherry 

was used to visualize the spindle or Centrosomin-RFP to mark spindle poles, 

while Spider-GFP labelled the nuclear envelope and the cell membrane (Fig 1A). 

By tracking both spindle poles in 3D, we found that the vast majority of mitotic 

spindles were positioned within the plane of the epithelium at NEB (measured 

by loss of the nuclear envelope marker) or shortly thereafter, as indicated by the 

localisation of both centrosomes within a 1.5µm height of one another and often 

within a single imaging plane (Fig 1A, Fig S2). Spindles then remained within the 

tissue plane throughout mitosis, even though they continued to rotate. These 

rotational movements in x-y were significant (Fig S2), with spindles in cells both 

inside and outside of the midline undergoing net rotations (θdisplacement. = angle 

between anaphase and NEB orientation) of ~45° (Fig S1C) and cumulative 

rotations (θcumulative rotation = sum of change in rotation per minute) of >90° (Fig 

S1D). Since the average θcumulative rotation was approximately twice that of the 

average θdisplacement, these results indicate that spindle orientation is a dynamic 

and noisy process irrespective of local differences in tissue tension.  

To investigate whether these rotational movements were accompanied by the 

orientation of spindles relative to the long axis, we tracked the orientation of 

spindles from NEB to anaphase, beginning with cells outside of the midline. 

Spindle orientation (θlong axis) was defined as the angle between the spindle and 

the major axis of an ellipse fitted to the cell shape at metaphase (Fig 1B). Shortly 

after NEB, θlong axis appeared random. However, by anaphase, θlong axis was within 

45° of the long axis for majority of spindles (Fig 1C). Further analysis of θlong axis 

over time revealed that the change in spindle orientation depended on the 

orientation at NEB relative to the long cell axis. Thus, spindles that were mis-

oriented at NEB (θlong axis >45° at NEB, Fig 1B [pink line], 1E) underwent 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted May 22, 2018. ; https://doi.org/10.1101/328161doi: bioRxiv preprint 

https://doi.org/10.1101/328161


 6 

persistent, corrective rotational movements towards the long axis during the 

course of mitosis, while spindles that were already well-oriented at NEB (θlong axis 

<45° at NEB, Fig 1B [purple line]) did not undergo a significant change in their 

orientation with time. In combination, these two effects led to an overall change 

in spindle orientation towards the long cell axis during the course of mitosis (Fig 

1D). Thus, in cells outside of the notum midline, spindles obey the long axis rule, 

as previously published [23], by actively rotating towards the cell long axis.  

However, this was not the case within the midline. Here, a significant proportion 

of spindles with θlong axis >45° at NEB failed to rotate towards the long axis (Fig 

1B, 1C, 1E), even though they rotated a similar amount compared to cells outside 

the midline (Fig S1C-F). As a result, there was no overall change in spindle 

orientation towards the long axis (Fig 1D). This was surprising because current 

models of spindle orientation predict that long-axis orientation is more accurate 

as cell shape becomes more anisotropic, and these cells are extremely elongated 

during mitosis (Fig S1A). However, the correlation between aspect ratio and 

spindle orientation was extremely poor for cells in the midline (Coefficient = -

1.44 x 10-3, p = 0.14) (Fig 1E). In addition, ~31% (11/35) of the spindles in ML 

cells with an AR >1.4 failed to align to within 45° of the long cell axis (Fig 1F). By 

contrast, for cells outside of the midline there was a relatively good correlation 

between aspect ratio and spindle alignment (Coefficient = -8.60 x 10-4, p = 0.07) 

(Fig 1E), and, within this region, only ~8% (1/12) spindles in cells with an AR 

>1.4 failed to align to within 45° of the long cell axis (Fig 1F). These data reveal 

surprising, region-specific differences in the ability of spindles to align with the 

long cell axis. 

Because Mud/NuMA, a conserved protein that has been shown to play an 

important role in spindle orientation in many systems (Morin & Bellaïche 2011), 

has been shown to localise to TCJs [23], we also considered the possibility that 

spindle mis-orientation could be explained by an unusual distribution of TCJs 

around cells in the midline. However, TCJ polarity remained closely aligned with 

the cell long axis in the midline, even in cells that failed to orient their spindles 

along the long cell axis (Fig S1H, S2B, S2D). Thus, spindles in the midline of the 

notum are unable to read their cell long axis. This makes the notum midline one 

of the few examples of a tissue in which symmetric divisions disobey the long-

axis rule (reviewed in [5]). 

Cortical forces acting on astral microtubules are required for dynamic 

spindle positioning 

Since spindles in cells outside of the midline are able to rotate to align with the 

long cell axis, we were able to use this region to explore the mechansims 

involved in spindle orientation in more detail. Previous work in the notum has 

suggested roles for Dynein, Mud/NuMA and Dlg in the orientation of spindles to 
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the long cell axis [23]. We therefore tested the role of Mud/NuMA outside of the 

midline using Mud RNAi (Mud-IR). As previously reported [23], Mud-IR resulted 

in varying degrees of z-positioning defects. Despite this, ~50% of spindles in 

Mud-IR cells aligned well with the plane of the epithelium (measured as a 

difference in pole to pole height of ≤1.5μm) (Fig 2A). Within these cells, we 

observed very little spindle rotation over time (Fig 2A-D). Accordingly, there was 

no global change in spindle orientation in Mud-IR cells from NEB to anaphase 

(Fig 2E). Since cortical forces pulling on astral microtubules can also centre 

spindles [18,24,48], we also examined the impact of Mud/NuMA on spindle 

centring in this system. Strikingly, mitotic spindles were closer to the cell centre 

in metaphase Mud-IR cells than they were in WT cells (WT OML: 1.00±0.07μm, 

n=58; Mud-IR OML: 0.59±0.03μm, n=89. Fig 2F). Thus, the Mud/NuMA depedent 

forces that orient the spindle also have a tendency to pull the spindle off-centre.  

While these data fit with a role for cortical Mud/NuMA in generating the Dynein-

mediated pulling forces that act on the spindle, Mud/NuMA is also found 

localised to spindle poles [49]. Therefore, to specifically compromise cortical 

pulling forces, we used RNAi to silence expression of the junctional protein Dlg – 

a protein implicated in the localisation of Mud/NuMA to the cell cortex [23]. To 

avoid pupal lethality, flies were raised at 18°C to reduce Gal4-mediated Dlg-IR 

expression. Nevertheless, this was sufficient to significantly reduce the Dlg signal 

detected by immunostaining (data not shown). This level of Dlg knock-down also 

resulted in a partial reduction in net rotation (Fig S3B), and a significant 

reduction in cumulative spindle rotation (Fig 2G), and improved spindle centring 

(Fig 2H). Finally, since cortical forces act on the spindle via astral microtubules, 

we looked at spindle positioning in a mutant lacking astral MTs, Asterless. 

Spindle tracking from NEB to anaphase was impossible in this mutant 

background because of the severe z-positioning defects (Fig S3C), but the 

occasional spindles with a planar orientation at metaphase were more centred 

than those in WT tissues (Asl-/- OML: 0.76 ± 0.05, n=68. Fig S3D). 

Taken together, these data support the idea that cortical forces act on astral 

microtubules to position the spindle during mitosis. More specifically, our 

analysis indicates that cortical Mud/NuMA is important for spindle rotation that 

allows for dynamic spindle orientation to the cell long axis; and that cortical 

forces acting on astral MTs also tend to pull spindles off-centre [25–28,50].  

Myosin activity affects dynamic spindle orientation 

Since the active rotation of the spindle towards the long cell axis was much more 

efficient in cells outside of the midline, where tissue tension is elevated relative 

to the midline, we tested whether regional differences in tissue tension might 

explain the regional differences in spindle rotational behaviour. Previous work 

has suggested that the expression of phospho-dead (SqhAA) and phospho-
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mimetic (SqhEE) versions of myosin light chain (Spaghetti squash, Sqh) can be 

used to decrease or increase Myosin function and tissue tension, respectively 

[47]. Therefore, we used the expression of SqhAA and SqhEE as a first test of the 

role of tissue tension in spindle orientation.  

Strikingly, the expression of SqhAA in cells outside the midline reduced the 

proportion of spindles able to re-orient towards the long cell axis from ~70% to 

~30% (Fig 3A-C, 4A; compare with Fig 1B), but did not induce significant 

changes in mitotic cell shape or TCJ polarity (Fig 3A). This led to an increase in 

the proportion of spindles that failed to align with the long cell axis (Fig 3C, 4A; 

compare with 1C, 1E), and to a reduction in the overall change in spindle 

orientations from NEB to anaphase relative to the WT control (Fig 3D). SqhAA 

expression also increased the proportion of metaphase spindles that failed to 

align with the long axis in very elongated cells (AR >1.4, θlong axis >45° at 

anaphase) from ~10% to ~30% (12/34, Fig 4B). Thus, SqhAA expression caused 

spindles in cells outside the midline to behave like spindles in the wildtype 

midline. Notably, this phenotype was distinct from that observed in Mud-IR cells, 

since SqhAA expression did not affect net spindle rotation (θdisplacement) and 

increased cumulative spindle rotation (θcumulative rotation) (Fig 4C), indicating that 

spindles can still rotate. Additionally, there was no change in spindle centring in 

SqhAA-expressing cells outside of the midline compared to WT (Fig S4A). 

Instead, SqhAA expression reduced rotational persistence of spindles far from 

the long cell axis (θlong axis >45°), compared to that of WT spindles (Fig 4D). Taken 

together, these data imply that cortical pulling forces still act on the spindle in 

tissues expressing SqhAA, but that these are not as effective in directing spindle 

rotations as they are in cells within tissues experiencing higher levels of isotropic 

tension.  

For the converse experiment, we expressed SqhEE to increase tissue tension in 

the midline. Strikingly, this enhanced the ability of spindles in the midline to 

rotate towards the long cell axis. Thus, following SqhEE expression, almost all 

spindles with θlong axis >45° at NEB rotated towards the long axis, such that θlong 

axis was <45° by anaphase (Fig 3A-C). Additionally, spindles with a θlong axis of <45° 

at NEB also rotated even more towards the long axis over time (Fig 3B, 4A). This 

increase in the accuracy of spindle orientation occurred without a corresponding 

change in the net rotation of spindles (Fig 4C). Instead, the average cumulative 

rotation (Fig 4C) of spindles was reduced, because of an increased angular 

persistence of spindle rotation (Fig 4B). Furthermore, in very elongated midline 

cells (AR >1.4), SqhEE expression also improved spindle orientation, so that only 

~8% (2/26) of spindles remained poorly aligned with the long cell axis (θlong axis 

>45°) at the end of mitosis  compared to ~31% in the WT  midline cells (Fig 4B).  

The ability of SqhEE expression to improve the accuracy of spindle orientation in 

the midline did not appear to be a peculiarity of the construct or midline cells, 
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since a similar trend was also seen in cells outside of the midline (Fig S4B-E). 

Here, the already robust rotation of spindles towards the cell long axis was 

further improved (Fig S4B-E). Moreover, the effects of SqhEE/AA expression 

were recapitulated by perturbations that affected Rho kinase (ROK), an 

upstream regulator of myosin activity, although the impact of perturbing ROK 

activity on spindle rotations was less strong than with SqhAA or SqhEE 

expression (Fig S5). Thus, silencing Rok using RNAi (ROK-IR) mimicked SqhAA 

expression, and the rotation of spindles from the short cell axis at NEB to the 

long cell axis at anaphase was compromised in ROK-IR cells outside of the 

midline. By contrast, the expression of a constitutively active version of the 

kinase (ROK-CA), mimicked the effects of SqhEE, and improved spindle rotation 

to the long cell axis within the midline (Fig S5A-C). Additionally, ROK-CA 

expression improved spindle orientation in very elongated cells (AR >1.4) within 

the midline (Fig S5D), whereas spindle orientation in similarly elongated cells 

outside the midline was compromised by ROK-IR (Fig S5D). 

Overall, these data suggest a model in which myosin-mediated tissue tension is 

involved in dynamic spindle orientation towards the cell long axis, through the 

promotion of persistent spindle rotation.  

Cell-extrinsic tension is important for dynamic spindle orientation 

Finally, to test whether Myosin aids oriented cell division in the notum through 

its role in tissue tension, as suggested by the experiments above, we used laser 

ablation as an orthogonal approach to induce a sudden reduction in the isotropic 

tissue tension surrounding a cell in mitosis. Since such an effect could only be 

observed in cells in which spindles undergo stereotypic directed rotation 

towards the cell long axis, tissues expressing SqhEE cells were used for this 

experiment (Fig 5). Shortly after NEB, SqhEE cells entering mitosis were 

subjected to a laser cut at the level of adherens junctions to mechanically isolate 

a cell from the rest of the tissue. To avoid gross changes in mitotic cell shape, 

these cuts were made at least one cell row away from the mitotic cell (Fig 5A). 

Under these conditions, junction ablation did not alter cell shape within the 

medial spindle plane of the tissue, although it led to a small decrease in cell 

aspect ratio at the apical plane (Fig 5B). Moreover, the cut did not lead to a gross 

delay in mitosis in the mechanically isolated mitotic cells, and all cells entered 

anaphase within ~5.5 min of the start of imaging, similar to what is observed 

without laser ablation (Fig 5C).  

Within these tissues, changes in spindle orientation were measured at a high 

frame rate from the beginning of imaging until the onset of anaphase, using 

spindle movements in SqhEE expressing cells in areas far from the sites of 

ablation or in tissues where we did not ablate junctions as controls. Since cells 

about to enter mitosis had to be identified manually before setting up the 
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ablation, we were unable to capture the moment of NEB in these cells. However, 

we were still able to follow the dynamics of spindle movements. Strikingly, there 

was a profound difference in spindle movements between the experiment and 

control. In mechanically isolated SqhEE-expressing cells, spindles failed to rotate 

towards the long cell axis during the time of imaging, while they did so in the 

controls (Fig 5D-F). To further investigate the movement of the spindle in these 

experiments, we calculated the mean-squared displacement (MSD) of each 

individual centrosome (Fig 4D). The MSD of individual centrosomes per time-

step (15 sec) was lower in mechanically isolated cells than it was in the 

unperturbed tissue (Fig 4G), indicating that directional centrosome movement 

was in fact reduced after mechanical isolation. Additionally, the MSD over time 

for mechanically isolated cells was linear, consistent with random motion, while 

that of unperturbed cells increased non-linearly, indicating active motion. These 

data lead us to conclude that spindles respond to dynamic changes in the 

mechanical environment of the mitotic cell and that isotropic tissue tension is 

required to support effective directed spindle rotation towards the cell long axis. 
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DISCUSSION  

While an increasing body of research suggests that the forces orienting the 

mitotic spindles in animal cells are generated by Dynein anchored to the cortex 

by a set of conserved regulators that include Mud/NuMA and Dlg, the process 

remains poorly understood. To shed light on the dynamics of the process in the 

context of an intact epithelium within a developing animal, we imaged spindle 

orientation in cells of the fly notum expressing probes that label spindle poles, 

the nuclear envelope and the cell membrane. Since mitotic cell shape has been 

shown to directly influence spindle positioning [51,52], we focused on cell shape 

within the same plane as the spindle (a few microns below the apical plane) in 

cells which retain a long axis and an aspect ratio of >1.2 during mitosis. 

Using this system, we were able to describe the process of spindle orientation in 

detail. Spindles aligned to the plane of the epithelium shortly after NEB, but with 

a random orientation relative to the long cell axis. Then, over the course of 

mitosis, spindles rotated within the plane of the epithelium in a process that 

depended on NuMA/Mud, Dlg and astral microtubules, as previously reported 

[23]. Through this analysis we also noted that rotating spindles also tended to 

move off-centre during mitosis in a manner that depended on the same cortical 

cues, implying that the distribution of cortical forces that act on the two spindle 

poles to position the spindle are often unbalanced. Interestingly, while 

important, this aspect of spindle positioning has rarely been included in models 

of symmetric cell division, which have usually assumed that spindles rotate 

about the cell centre in response to cortical forces [23,28,37,53]. Therefore to 

correct spindle off-centring, additional mechanisms will be required to ensure 

equal daughter cell size at or after, mitotic exit [54–56]. 

We also found that spindle orientation is a noisy process, since the net angular 

displacement of the spindle from NEB until anaphase was about half of the 

cumulative rotation. Despite this, spindles were able to re-orient to the long cell 

axis on average, such that even though spindle orientation was random at NEB, 

majority of spindles were closely aligned to the long cell axis by anaphase. 

Additionally, the extent of spindle rotation in the notum was found to depend on 

its initial position with respect to the long cell axis. Thus, spindles oriented 

furthest from the long cell axis at NEB tended to undergo the largest net rotation 

towards the long cell axis. This implies that spindles experience a torque that 

depends on the distance from the long cell axis. This stereotypic rotation would 

be consistent with a model where forces on the spindle were concentrated at 

opposing ends of the cell, through polarisation of proteins such as Mud/NuMA or 

Dynein [23,57,58].   

How though do spindles read mitotic cell shape? While cell shape, TCJs, and/or 

anisotropic tissue tension have all been implicated in spindle orientation to the 
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long cell axis, it has been hard to separate their relative contributions to the 

process. Some studies have pointed to a direct role for actomyosin-based tension 

on the mitotic cell [29,36,38,57], whereas others have suggested that spindles 

align with mitotic cell shape polarised by the tension axis [20–22,39]. By 

comparing the dynamics of spindle orientation in elongated cells inside and 

outside the midline, where there are marked differences in tissue tension [46], 

we have been able to demonstrate a role for isotropic tissue tension in long-axis 

divisions, independent of cell shape. Thus, whereas spindles rotate dynamically 

to orient with the long axis of cells outside of the midline, they are less effective 

at doing so within the crowded tissue midline, where cells are very elongated 

despite being under little if any tissue tension. In line with this, the correlation 

between spindle orientation and cell elongation was poor for cells in the midline. 

Thus, spindles in the midline do not follow the long-axis rule. Our findings build 

on previous studies in the notum, which did not separate the effect of region-

specific tissue mechanics or the initial orientation of the spindle [23]. Moreover, 

since long-axis divisions in the midline are poor, these data might help explain 

why alternative mechanisms for refining cell packing such as neighbour 

exchange [47] and cell delamination [46] play such an important roles in this 

tissue.  

In support of a role for isotropic tension in long-axis divisions in the notum, we 

were able to switch these region-specific spindle behaviours by manipulating 

tissue-wide levels of active non-muscle Myosin II. Thus, conditions that 

increased isotropic tissue tension rescued the ability of spindles in cells within 

the midline to rotate persistently to the long cell axis, and led to a strong 

correlation between cellular aspect ratio and spindle alignment. By contrast, 

conditions that reduced overall levels of tension in the tissue outside of the 

midline (i.e. dominant negative constructs, RNAi or laser ablation) compromised 

the ability of spindles to rotate persistently towards the long cell axis, even 

though TCJ polarity and cell shape remained unchanged. Furthermore, 

directional spindle rotation was lost when cells were mechanically isolated from 

their neighbours in mid-mitosis in tissues with elevated tension. This suggests 

that tissue tension is able to influence spindle positioning during mitosis, as has 

been previously described for cells in culture [28,38,51,52]. Moreover, since 

perturbations in Myosin II activity have a similar impact on spindle dynamics in 

MDCK monolayers (Lisica et al., unpublished data), this is likely to be a general 

phenomenon.  

In the notum under conditions of low tissue tension, we also noted that spindle 

rotation remained dynamic. Moreover, spindles were still pulled off-centre under 

these conditions. This phenotype, in which spindle movements appear jittery 

and random, differs from that seen when cortical regulators of spindle 

orientation were silenced using RNAi. These data suggest that cortical force 

generators remain active in cells in regions of the tissue with little tension, but 
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are not properly integrated across the entire cell. How then does tissue tension 

promote the persistent rotation of spindles towards the long axis?  

Some insights can probably be gained by looking at spindle aligment in single 

cells in isolation, where the mitotic cortex is mechanosensitive [59], polarised as 

the result of the local resistence of retraction fibers to mitotic rounding 

[37,38,57,58,60], and able to act as a physical platform upon which astral 

microtubules can pull and exert torque on the spindle. Similar rules are likely to 

apply in the context of an epithelium, where tricellular junctions will resist 

mitotic rounding in a tissue subject to isotropic tension, generating a 

mechanically rigid cortex upon which Dynein can pull to orient the spindle. 

Conversely, in a crowded tissue, the ability of Dynein anchored in a relatively soft 

cortex to effectively pull on spindle poles to orient the spindle will be 

compromised. In this way, even though the actomyosin cytoskeleton may not 

directly influence the activity of local cortical force generators [61], it will have a 

profound impact on the ability of the spindle to read and integrate these cues in 

the mitotic cortex. This makes both tissue tension and cortical mechanics key 

factors in enabling cells to divide along their long cell axes. 
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FIGURE LEGENDS 

Fig 1: Cells in the Drosophila notum midline fail to divide along their long 
cell axis.  
(Related to Fig S1 and S2) 
A: Example OML and ML cells during mitosis and diagram of spindle rotation 
analysis. Cell membranes including labelled with Spider-GFP (cyan) and spindle 
centrosomes are labelled with Centrosomin-RFP (magenta). θlong axis was defined 
as the angle between the spindle and the long axis of the cell at metaphase. 
B: θlong axis from NEB to anaphase for OML and ML spindles. Data is shown for 
subpopulation of spindles that are ≥45° (pink line) or <45° (purple line) at NEB. 
Lines indicate median values and shaded regions indicate interquartile range. 
C: θlong axis at anaphase for OML and ML where  θlong axis at NEB >45°. The 
distribution of θlong axis for OML spindles is smaller and closer to 0° than that for 
ML spindles. 
D: Change in orientation for OML and ML spindles. Change in orientation was 
calculated as (θlong axis at anaphase- θlong axis at NEB), and data was tested in a one-
tail non-parametric test (less than) against 0 as a null hypothesis. Change in 
orientation was significantly <0 for OML spindles, indicating rotation towards 
the long axis (-12.0±3.8, p=0.0014, n=91). Change in orientation was no 
significantly <0 for ML spindles (-5.3±4.1, p=0.099, n=72). 
E: Orientation of spindles at anaphase against at NEB for OML and ML spindles. 
OML cells have more spindles that are oriented >45° at NEB but <45° at 
anaphase, compared to ML cells (blue box).  
F: Spindle orientation at anaphase against cell elongation at metaphase for OML 
and ML cells. Almost all OML cells at higher elongations (>1.4) had an orientation 
of <45° at anaphase while ML cells with higher elongations often had an 
orientation of >45° at anaphase. 
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Fig 2: Cortical forces acting on astral microtubules are required for 
dynamic spindle positioning. 
(Related to Fig S3) 
A: Example Mud-IR cell with no severe z-positioning defect but severe xy-
positiong defect during mitosis. Yellow dots indicate TCJs. 
B: θdisplacement and θcumulative rotation for WT and Mud-IR OML spindles. θdisplacement 
and θcumulative rotation was dramatically reduced in Mud-IR cells (θdisplacement – WT: 
42.76°±3.48°, n=91; Mud-IR: 13.15°±1.58°, n= 59; p=1.432x10-9. θcumulative rotation – 
WT: 94.55°±4.87°, n=91; Mud-IR: 53.77°±2.93°, n=59; p<2.2x10-16). 
C: θlong axis from NEB to anaphase for Mud-IR OML spindles. Data is shown for 
subpopulation of spindles that are ≥45° (pink line) or <45° (purple line) at NEB. 
Lines indicate median values and shaded regions indicate interquartile range.  
D: Orientation of spindles at anaphase against at NEB for Mud-IR OML spindles. 
Majority of spindles have little change in orientation from NEB to anaphase. 
E: Change in orientation for WT and Mud-IR OML spindles. Change in orientation 
was ≈0 for Mud-IR OML spindles (-3.92±2.18, p=0.088, n=59). 
F: Centring distance for WT and MudIR OML spindles labelled with Tubulin-
mCherry. Centring distance was calculated as the linear distance between the 
centre of the spindle and the centroid of the cell in the same plane at metaphase. 
MudIR spindles were significantly closer to the centre of the cell compared to 
WT spindles (WT: 1.00±0.07, n= 58; MudIR: 0.59±0.03, n=89, p=2.77x106). 
G: θcumulative rotation for WT and DlgIR OML spindles. θcumulative rotation is significantly 
reduced in DlgIR OML spindles (DlgIR: 72.68°±5.81°, n=37; p=0.0048). 
H: Centring distance for WT and DlgIR OML spindles labelled with Centrosomin-
RFP. DlgIR spindles were significantly closer to the centre of the cell compared to 
WT spindles (WT: 0.77±0.04, n=84; DlgIR: 0.46±0.04, n=50; p=6.46x10-06). 
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Fig 3: Myosin activity affects dynamic spindle orientation. 
(Related to Fig  S4) 
A: Example SqhAA OML and SqhEE ML cells during mitosis. Cell membranes 
including nuclear envelope are labelled with Spider-GFP (cyan) and spindle 
centrosomes are labelled with Centrosomin-RFP (magenta). TCJs are indicated 
with yellow dots. 
B: θlong axis from NEB to anaphase for SqhAA OML and SqhEE ML spindles. Data is 
shown for subpopulation of spindles that are ≥45° (pink line) or <45° (purple 
line) at NEB. Lines indicate median values and shaded regions indicate 
interquartile range. 
C: θlong axis at anaphase for SqAA OML and SqhEE ML where  θlong axis at NEB >45°. 
The distribution of θlong axis for SqAA OML spindles is wider than for WT OML 
spindles, the distribution of θlong axis for SqhEE ML spindles is narrower and 
closer to 0° than WT ML spindles. 
D: Change in orientation for SqhAA OML and SqhEE ML spindles. Change in 
orientation was <0 for SqhAA OML spindles but this was less significant 
compared to WT OML spindles (SqhAA OML: -9.09±3.07, p=0.0029, n=109). 
Meanwhile change in orientation was now significantly <0 for SqhEE ML 
spindles (SqhEE ML: -19.28±3.78, p=8.15x10-6, n=60). 
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Fig 4: Myosin activity affects directed spindle rotation and orientation. 
(Related to Fig  S4) 
A: Orientation of spindles at anaphase against at NEB for SqhAA OML and SqhEE 
ML spindles. SqhAA OML cells have less spindles that are oriented >45° at NEB 
but <45° at anaphase (blue box), compared to WT OML cells. SqhEE ML cells 
have more spindles that are oriented >45° at NEB but <45° at anaphase (blue 
box), compared to WT ML cells. 
B: Spindle orientation at anaphase against cell elongation at metaphase for 
SqhAA OML and SqhEE ML cells. SqhAA OML cells at higher elongations (>1.4) 
had orientations of >45° at anaphase, while almost all SqhEE ML cells with 
higher elongations were oriented <45° at anaphase. 
C: θdisplacement and θcumulative rotation for SqhAA OML and SqhEE ML spindles where  
θlong axis at NEB >45°. θdisplacement for SqhAA OML and SqhEE ML was similar to WT 
OML and ML respectively (SqhAA OML: 42.37°±4.80°, n=36, p=0.24; SqhEE ML: 
52.37°±4.55°, n=28, p=0.78). However, θcumulative rotation was significantly higher 
for SqhAA OML compared to WT OML (SqhAA OML: 115.26°±8.57°, n=36, 
p=0.028) and significantly lower for SqhEE ML compared to WT ML spindles 
(SqhEE ML: 77.54°±3.43°, n=28, p=8.2x10-4). 
D: Angular persistence for WT OML, SqhAA OML, WT ML and SqhEE ML spindles 
that were >45° at NEB. Angular persistence was calculated as the ratio of 
θdisplacement/ θcumulative rotation. Angular persistence is similar for WT OML and WT 
ML spindles (WT OML: 0.56±0.04, n=47; WT ML: 0.50±0.04, n=31; p=0.22), but is 
reduced in SqhAA OML spindles compared to WT OML spindles (SqhAA OML: 
0.44±0.05, n=36, p=0.030) and increased in SqhEE ML spindles compared to WT 
ML spindles (SqhEE OML: 0.68±0.04, n=28, p=0.0044). 
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Fig 5: Cell-extrinsic tension is important for dynamic spindle orientation. 
A: Apical surface of a mitotic cell before mechanical isolation by laser ablation (-
360 sec till anaphase onset) and after ablation, at the point of maximum recoil of 
adherens junctions  (-300 sec till anaphase onset). Cell membranes were labelled 
with Spider::GFP. Overlay panel shows extent of recoil in cells neighbouring 
mitotic cell, but not of the mitotic cell itself. 
B: Change in elongation of mitotic cell at the apical surface and the medial 
surface (height of spindle) after laser ablation. Cell elongation is reduced at the 
apical surface but unchanged medially (Apical: -4.28±1.42, p=0.0059, n=53; 
Medial: -0.53±1.45, p=0.85, n=53). 
C: Time caught in mitosis (from beginning of imaging till anaphase onset) for 
control and isolated spindles. Time in mitosis was below that of average mitotic 
time, indicating no significant delays in mitosis. 
D: Montage of mitotic cell viewed at the height of the spindle plane. Cell 
membranes were labelled with Spider::GFP and spindle centrosomes were 
labelled with Centrosomin::GFP.  
E: Orientation at anaphase against orientation at start of imaging for control and 
isolated spindles.  
F: Change in orientation for control and isolated spindles. Change in orientation 
was calculated as the difference in orientation from the start of imaging till 
anaphase onset. Change in orientation was significantly <0 for control spindles 
but not for isolated spindles (Control: -11.45±4.49, p=0.0077, n=39; Isolated: 
1.23±5.50, p=0.68, n=31). 
G: Mean Squared Displacement for control and isolated spindles. MSD for control 
spindles is consistently higher than that for isolated spindles, and increases non-
linearly over time. 
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Fig	S1	
A:	Image	of	Drosophila	pupal	notum	at	15h	and	19h	AP.	Cell	outlines	are	marked	with	Dlg-YFP	
(cyan).	Region	classified	as	the	midline	(ML)	are	within	yellow	dotted	lines.	
B:	Elongation	of	OML	and	ML	cells	at	metaphase.	Elongation	was	calculated	as	the	ratio	of	cell	
length:	width	 for	cells	at	 the	height	of	 the	spindle	(medial	plane)	at	metaphase	(1min	before	
anaphase).	
C:	 Spindle	 angular	 displacement	 (θdisplacement)	 for	 OML	 and	 ML	 spindles.	 θdisplacement	 was	
calculated	as	the	angle	between	the	spindle	at	anaphase	and	at	NEB.	θdisplacement	was	similar	for	
both	OML	and	ML	spindles	(OML:	42.76°±3.48°,	n=91;	ML:	44.74°±3.89°,	n=72).		
D:	Cumulative	spindle	rotation	(θcumulative	rotation)	for	OML	and	ML	spindles.	θcumulative	rotation	was	
calculated	as	the	sum	of	the	angular	distance	per	min	over	mitosis.	θcumulative	rotation	was	similar	
for	both	OML	and	ML	spindles	(OML:	94.55°±4.87	°,	n=91;	ML:	97.37°±4.66°,	n=72).	
H:	θdisplacement	for	OML	and	ML	spindles	where	θlong	axis	>45°	at	NEB.	θdisplacement	was	similar	for	
OML	and	ML	spindles	(OML:	49.42°±4.42°,	n=47;	ML:	51.00°±4.12°,	n=31).	
I:	θcumulative	rotation	for	OML	and	ML	spindles	where	θlong	axis	>45°	at	NEB.	θcumulative	rotation	was	
similar	for	OML	and	ML	spindles	(OML:	95.57°±7.04°,	n=47;	ML:	104.11°±6.29°,	n=31)	
G:	Distribution	of	tricellular	junctions	at	apical	and	medial	planes,	in	an	example	ML	cell	before	
and	 during	 mitosis.	 Cell	 membranes	 including	 nuclear	 membrane	 labelled	 with	 Spider-GFP	
(cyan)	 and	 spindle	 poles	 are	 labelled	 with	 Centrosomin-RFP	 (magenta).	 TCJs	 indicated	 by	
yellow	 dots,	 pre-NEB	 nucleus	 indicated	 with	 yellow	 asterisk.	 TCJ	 distribution	 at	 apical	 and	
medial	planes	is	similar.	TCJs	are	clustered	at	cell	poles,	along	cell	long	axis,	but	the	spindle	is	
oriented	along	cell	short	axis.		
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Fig	S2	
A:	Spindle	orientation	from	NEB	to	anaphase	over	6	selected	timepoints	for	example	OML	and	
ML	cell,	 showing	spindles	 that	 remain	<45°	at	NEB	and	anaphase.	Cell	membranes	 including	
nuclear	 envelope	 are	 labelled	 with	 Spider-GFP	 (cyan),	 spindle	 poles	 are	 labelled	 with	
Centrosomin-RFP	(magenta)	and	TCJs	are	indicated	with	yellow	dots.	
B:	Spindle	orientation	from	NEB	to	anaphase	over	6	selected	timepoints	for	example	OML	and	
ML	cell,	 showing	spindles	 that	 remain	>45°	at	NEB	and	anaphase.	Cell	membranes	 including	
nuclear	 envelope	 are	 labelled	 with	 Spider-GFP	 (cyan),	 spindle	 poles	 are	 labelled	 with	
Centrosomin-RFP	(magenta)	and	TCJs	are	indicated	with	yellow	dots.	
C:	Spindle	orientation	from	NEB	to	anaphase	over	6	selected	timepoints	for	example	OML	and	
ML	cell,	showing	spindles	that	are	>45°	at	NEB	but	<45°	anaphase.	Cell	membranes	including	
nuclear	 envelope	 are	 labelled	 with	 Spider-GFP	 (cyan),	 spindle	 poles	 are	 labelled	 with	
Centrosomin-RFP	(magenta)	and	TCJs	are	indicated	with	yellow	dots.	
D:	Spindle	orientation	from	NEB	to	anaphase	over	6	selected	timepoints	for	example	OML	and	
ML	cell,	showing	spindles	that	are	<45°	at	NEB	but	>45°	anaphase.	Cell	membranes	including	
nuclear	 envelope	 are	 labelled	 with	 Spider-GFP	 (cyan),	 spindle	 poles	 are	 labelled	 with	
Centrosomin-RFP	(magenta)	and	TCJs	are	indicated	with	yellow	dots.	
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Fig	S3	
A:	Example	DlgIR	OML	cell	with	no	z-positioning	defect	and	some	xy-positioning	defects	during	
mitosis.	Yellow	dots	indicate	TCJs.	
B:	θdisplacement	for	WT	and	DlgIR	OML	spindles.	θdisplacement	is	similar	for	WT	and	DlgIR	spindles	
(DlgIR:	32.99°±	4.50°,	n=37;	p=	0.17).	
C:	 Example	 OML	 cell	 with	 Asl-/-	 mutation	 and	 expressing	 Tubulin-mCherry.	 z-positioning	
defects	 are	 very	prevalent	 in	Asl-/-	mutants,	 but	 a	mitotic	 spindle	 is	 still	 able	 to	 form	 that	 is	
occasionally	within	the	plane	of	the	tissue	at	metaphase	(shown).	
D:	 Centring	 distance	 for	 WT	 and	 Asl-/-	 OML	 spindles	 labelled	 with	 Tubulin-mCherry.	 Asl-/-	
spindles	 were	 significantly	 closer	 to	 the	 centre	 of	 the	 cell	 compared	 to	 WT	 spindles	 (WT:	
1.00±0.07,	n=	58;	Asl:	0.76±0.05,	n=68,	p=0.0090).	
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Fig	S4	
A:	Centring	distance	 for	WT	OML,	SqhAA	OML,	WT	ML	and	SqhEE	ML	spindles	 labelled	with	
Cnn-RFP.	Centring	distance	is	similar	between	experimental	conditions.	
B:	θlong	axis	from	NEB	to	anaphase	for	SqhEE	OML	spindles.	Data	is	shown	for	subpopulation	of	
spindles	 that	are	≥45°	(pink	 line)	or	<45°	(purple	 line)	at	NEB.	Lines	 indicate	median	values	
and	shaded	regions	indicate	interquartile	range.	
C:	 Orientation	 of	 spindles	 at	 anaphase	 against	 orientation	 at	 NEB	 for	 SqhEE	 OML	 spindles.	
Majority	of	SqhEE	OML	spindles	were	oriented	>45°	at	NEB	but	<45°	at	anaphase,	with	almost	
none	oriented	<45°	at	NEB	but	>45°	at	anaphase.		
D:	Change	 in	orientation	 for	SqhEE	OML	spindles.	Change	 in	orientation	was	significantly	<0	
for	SqhEE	OML	spindles,	and	less	than	that	of	WT	OML	spindles	(SqhEE	ML:	-24.61±	3.95,	p=	
6.75x10-7,	n=51).	
E:	Spindle	orientation	at	anaphase	against	cell	elongation	at	metaphase	 for	SqhEE	OML	cells.	
All	SqhEE	ML	cells	with	higher	elongations	were	oriented	<45°	at	anaphase.	
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Fig	S5	
A:	θlong	axis	from	NEB	to	anaphase	for	ROK-IR	OML	and	ROK-CA	ML	spindles.	Data	is	shown	for	
subpopulation	of	spindles	that	are	≥45°	(pink	line)	or	<45°	(purple	line)	at	NEB.	Lines	indicate	
median	values	and	shaded	regions	indicate	interquartile	range.	
B:	θlong	axis	at	anaphase	for	ROK-IR	OML	and	ROK-CA	ML	spindles	that	were	>45°	at	NEB.	The	
distribution	 of	 θlong	 axis	 for	 ROK-IR	 OML	 spindles	 is	 wider	 than	 for	 WT	 OML	 spindles,	 the	
distribution	 of	 θlong	 axis	 for	 ROK-CA	 ML	 spindles	 is	 narrower	 and	 closer	 to	 0°	 than	 WT	 ML	
spindles.	
C:	 Orientation	 of	 spindles	 at	 anaphase	 against	 at	 NEB	 for	 ROK-IR	 OML	 and	 ROK-CA	 ML	
spindles.	Blue	box	highlights	spindles	that	are	oriented	>45°	at	NEB	but	<45°	at	anaphase.	
D:	Spindle	orientation	at	anaphase	against	cell	elongation	at	metaphase	 for	ROK-IR	OML	and	
ROK-CA	ML	 cells.	ROK-IR	OML	 cells	 at	 higher	 elongations	 (>1.4)	had	orientations	of	 >45°	 at	
anaphase,	 while	 almost	 all	 ROK-CA	ML	 cells	 with	 higher	 elongations	were	 oriented	 <45°	 at	
anaphase.	
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METHODS 

Live-imaging 

Drosophila pupae were selected at the white pre-pupal stage, 0h after pupariation (AP), 

and imaged at 14.5h AP for 2-3h at room temperature. Developmental time was halved 

when incubated at 29°C; and doubled when incubated at 18°C. Pupae for live imaging 

were attached to a glass slide ventral side down with double-sided tape between spacers 

made with small glass coverslips. The pupal case was removed from the dorsal side of the 

animal and a glass coverslip coated with mineral oil on one side was placed over the 

spacers, just touching the dorsal tissue of the pupa. The entire set-up was placed under 

the microscope for live-imaging (Zitserman and Roegiers, 2011; Georgiou and Baum, 

2010). 

Imaging was done on Leica SPE and SP5 confocal microscopes with a 63X lens (N.A.) or 

60X lens (N.A. ) respectively. 

Immunohistochemistry 

Drosophila pupae for immunostaining were dissected at 15h AP. Pupae were pinned with 

sharpened wires dorsal side down onto a PDMS dish filled with PBS. The pupal head was 

removed with small surgical scissors and the ventral length of the pupa was cut out. The 

dorsal tissue around the notum was isolated and transferred into glass wells with 

micropippettes for fixing and staining. Dissected nota were stained with the following 

antibodies and probes: 

Antibody/ probe Concentration Source 

Mouse anti-Discs large 1: 100 DSHB 

Alexa conjugated fluorophores were used in secondary stains. Immunostained nota were 

imaged on Leica SPE confocal microscopes with a 63X lens (N.A.) 

Fly stocks used 

BACKGROUND AND VISUALISING OF CELL OUTLINE AND MITOTIC STRUCTURES 

Stock Source 

w1118;;;  BL 3605 

w1118;; pnr-GAL4;  BL 3039 

Methods
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 

The copyright holder for this preprint (which wasthis version posted May 22, 2018. ; https://doi.org/10.1101/328161doi: bioRxiv preprint 

https://doi.org/10.1101/328161


;; Spider-GFP;; Flytrap Insertion  

(BL 59025) 

w1118;; Spider-GFP, pnr-GAL4;  Recombined strain of BL 3039 and 

BL 59025 by Rodriguez, N. 

Discs large (Dlg)-YFP;;;; Cambridge Protein Trap Insertion 

(DGRC 115375)  

w1118; ubi-RFP-Cnn;;; Raff, J. 

; actin-GAL4, UAS-mCherry-α-Tubulin;;; Recombined from BL4414 and 

BL25774 by Rodrigues N. 

w*; UAS-mCherry-α-Tubulin;;; BL 25774 

RNAI-MEDIATED SILENCING 

Interfering RNA transcripts targeting expression of proteins were expressed using the 

GAL4/ UAS system [1]. GAL4 expression was under the control of the pannier gene (Pnr-

GAL4) [2], restricting GAL4 binding of UAS response elements and subsequent 

expression of constructs to the central region of the notum. Pupae in RNAi experiments 

were incubated at 25°C or 29°C from 9-14.5h AP or 0-14.5h AP to ensure efficient 

expression of GAL4. Where lethality was seen under these conditions, pupae were 

incubated at 18°C from 0-14.5h AP to reduce the activity of GAL4. 

The following fly stocks were used in RNAi-mediated silencing: 

Stock Source 

Discs large (Dlg) NIG 17525R-1 

Mushroom body defective (Mud) BL 35044 

 

PROTEIN CODING CONSTRUCTS 

Constructs were expressed using the GAL4/ UAS system [1]. GAL4 expression was under 

the control of the pannier gene (Pnr-GAL4) [2], restricting GAL4 binding of UAS response 

elements and subsequent expression of constructs to the central region of the notum. All 

pupae were incubated at 25°C or 29°C from 9-14.5h AP or 0-14.5h AP to ensure efficient 

expression of GAL4. 

Stock  
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;; UAS-SqhAA/ TM6B, Tb;;  

;; UAS-SqhEE/ TM6B, Tb;;  

ASTERLESSMECD EXPERIMENTS 

;; AslmecD/ TM6B, Tb;; flies were a gift from Raff, J. Experiments were done by crossing  

Dlg-YFP;; AslmecD/ TM6B, Tb;; flies with ; actin-GAL4-UAS- mCherry-α-Tubulin; AslmecD/ 

TM6B, Tb;; flies. Pupae homozygous for the AslmecD allele were identified by selecting 

against TM6, Tb (tubby pupae). 

Mechanical isolation by laser ablaton 

w1118; ubi-RFP-Cnn; Spider-GFP, Pnr-Gal4/ UAS-SqhEE;; pupae were prepared for live-

imaging and mounted on an inverted Zeiss multiphoton. Cells about to undergo mitosis 

were visually identified by the presence of centrosomes around the nucleus. The region 

to be ablated was manually marked at the apical surface, and irradiated with a UV laser. 

Z-stack images were acquired in Airyscan mode, every 15 seconds. Ablation was carried 

out after the first frame, and imaging continued until anaphase was observed. 

Image analysis 

QUANTIFICATION OF CELL SHAPE  

The medial plane was identified as the plane where majority of the spindle was located, 

which was usually the plane with both spindle poles visible. The cell outline in the medial 

plane was manually marked out in FIJI (http://fiji.sc/Fiji). The centroid of the outline was 

taken as the cell centre, while the major length and minor length of the fit ellipse to the 

outline were taken as length and width of the cell. The angle of the major length of the fit 

ellipse was taken as the orientation of the long axis of the cell. 

QUANTIFICATION OF SPINDLE MOVEMENTS 

Spindle movement was tracked by drawing a line between the visible spindle poles from 

NEB through to anaphase. Spindle angle, centroid and length were recorded, and spindle 

pole coordinates were calculated from these values. Spindle pole coordinates for a 

spindle with centroid coordinates (𝑥, 𝑦), length 𝑙 and angle 𝜃, were calculated as (𝑥 +
𝑙

2
∙

cos 𝜃 , 𝑦 +
𝑙

2
∙ sin 𝜃) and (𝑥 −

𝑙

2
∙ cos 𝜃 , 𝑦 −

𝑙

2
∙ sin 𝜃). Spindles were not considered for 

analysis if apparent spindle poles were more than 1.5 μm apart. Spindle measurements 

were taken with Tubulin-mCherry marking the spindle or Centrosomin-RFP marking the 

spindle poles. Calculations of spindle angles were similar for measurements done with 

Tubulin or Centrosomin as a marker, and so the results were pooled. Calculations of 

spindle length and centroid (including spindle pole coordinates) were significantly 

different when comparing between measurements taken with Tubulin or Centrosomin as 

a marker. This was likely due to tubulin being less precise for identifying the spindle poles 
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and therefore spindle length and centre. These measurements were separated based on 

markers across perturbations, and the markers used in each analysis are identified in the 

text. 

IDENTIFICATION OF MITOTIC EVENTS 

Mitotic time was taken as the time from nuclear envelope breakdown (NEB) till anaphase 

onset. NEB was identified as the first timeframe when nuclear exclusion of background 

fluorescent signal disappeared. Anaphase onset was identified in cells expressing 

Tubulin-mCherry as the first timeframe when tubulin accumulation towards the spindle 

poles was observed, ~ 3min before furrow ingression begins. In movies using only 

Centrosomin-RFP as a marker, anaphase onset was taken as the timeframe 3min before 

furrow ingression begins. Late metaphase was defined as 1min before anaphase onset. 

Statistical analysis and data visualisation 

Two sample Wilcoxon ranked sum test was performed to compare medians between 

data, using the wilcox.test() function in R. Two sample Kolmogorov-Smirnov test was 

performed to compare distributions of datasets, using the ks.test() function in R. Random 

uniform distributions were generated with the runif() function in R.  

Graphpad Prism and R (ggplot2 library) were used to generate graphs representing the 

data. Line plots representing median over time, with error bars representing 

interquartile range were generated in Prism. Individual line plots representing spindle 

orientation over time were generated in R. Boxplots were generated with the 

geom_boxplot() function in R, with the boxes representing the upper quartile, median 

and lower quartile of the data, and whiskers representing the data within 1.5 times the 

interquartile range flanking the upper and lower quartiles. All remaining data (outliers) 

are represented as points. All data was plotted, unless stated otherwise in the text. Linear 

regressions were performed with the lm() and geom_smooth(method=lm) function in R, 

and best-fit linear mean lines with standard error of the mean were plotted. All stated R2 

values are adjusted R2 values. 
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