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SUMMARY
Anaphase is tightly controlled spatiotemporally to ensure proper separation of chromosomes.1–3 The mitotic
spindle, the self-organized microtubule structure driving chromosome segregation, scales in size with the
available cytoplasm.4–7 Yet, the relationship between spindle size and chromosome movement remains
poorly understood. Here, we address this relationship during the cleavage divisions of the Drosophila blas-
toderm. We show that the speed of chromosome separation gradually decreases during the four nuclear di-
visions of the blastoderm. This reduction in speed is accompanied by a similar reduction in spindle length,
ensuring that these two quantities are tightly linked. Using a combination of genetic and quantitative imaging
approaches, we find that two processes contribute to controlling the speed at which chromosomes move in
anaphase: the activity of molecular motors important for microtubule depolymerization and sliding and the
cell cycle oscillator. Specifically, we found that the levels ofmultiple kinesin-like proteins important for micro-
tubule depolymerization, as well as kinesin-5, contribute to setting the speed of chromosome separation.
This observation is further supported by the scaling of poleward flux rate with the length of the spindle. Per-
turbations of the cell cycle oscillator using heterozygous mutants of mitotic kinases and phosphatases re-
vealed that the duration of anaphase increases during the blastoderm cycles and is the major regulator of
chromosome velocity. Thus, our work suggests a link between the biochemical rate of mitotic exit and the
forces exerted by the spindle. Collectively, we propose that the cell cycle oscillator and spindle length set
the speed of chromosome separation in anaphase.
RESULTS

In Drosophila embryos, early development is characterized by

rapid and synchronous syncytial nuclear divisions.8,9 At the blas-

toderm stage, multiple divisions occur simultaneously on the

surface of the embryo. These mitoses drive a reduction in the

spacing among nuclei, which, in turn, results in smaller mitotic

spindles. To elucidate the relationship between spindle size

and chromosome separation, we used confocal live imaging to

study anaphase in early fly embryos.

Using embryos maternally expressing histone tagged with

GFP (His-GFP) and a microtubule fluorescent reporter (mCherry

fused to the Tau microtubule-binding domain),10 we imaged nu-

clear divisions and microtubule dynamics from cycle 10 to cycle

13 (Figures 1A and 1B). As nuclear cycles progressed, the num-

ber of nuclei at the surface of the embryo increased exponen-

tially, while the spacing among nuclei proportionally reduced.

As expected, mitotic spindles were proportionally smaller as

the embryo approached later cycles (Figure 1A). We quantified
Curren
All rights are reserved, including those
the velocity of chromosome separation by measuring the speed

at which the leading edges of segregating sister chromatids

move apart from each other (Figures 1C and S1), estimated

from images of the histone signal.11 These measurements re-

vealed that the speed at which chromosomes separate during

anaphase exhibits a scaling relationship with spindle length (Fig-

ure 1H), estimated here as the maximum distance of chromo-

some separation (Figure S1D). This scaling ensures that chromo-

some separation has a similar duration (�70 s) in all nuclear

cycles (Figures 1C and 1D). Moreover, the dynamics of the dis-

tance between sister chromosomes can be collapsed for all cy-

cles when normalized by total distance that is covered in each

cycle (Figure 1D), suggesting that the dynamics are essentially

indistinguishable when rescaled for spindle length. Additionally,

we found that both the movement of the chromosome toward

the spindle pole (anaphase A) and themovement of spindle poles

away from each other (anaphase B) demonstrated scaling

with spindle length (Figures 1E–1G). Comparison of chromo-

some movements due to these two processes confirmed
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that chromosome separation is dominated by anaphase A

(Figures 1F, 1G, and S1).12,13 Collectively, these observations

point to an interesting correlation between the speed of chromo-

some separation and the length of the mitotic spindle.

To elucidate this correlation, we first considered the potential

role of microtubule dynamics. We conducted a series of experi-

ments to quantify different parameters of spindle microtubule

dynamics. First, we investigated microtubule density along the

pole-to-pole axis during mitosis. As chromosomes separate and

spindles elongate, the spatial distribution ofmicrotubules remains

largely unchanged, exhibiting no discernible correlationwith chro-

mosome (and kinetochore microtubules) position until the spindle

disassembles (Figures 2A and 2B). Thus, in early anaphase, kinet-

ochore microtubules likely represent a small fraction of spindle

microtubules. The decrease in spindle length from cycle 10 to cy-

cle 13 is accompanied by a decrease in microtubule density

(Figures 2C and 2D). Secondly, we used embryos expressing

themicrotubule plus-end binding protein EB1-GFP4,14–16 to quan-

tify the rate of microtubule polymerization. Our analysis revealed

that the polymerization velocity has a significant, although slight,

dependency on spindle length, as it increases about 20% when

spindle length doubles (Figures 2E and 2F). A similar positive cor-

relation between spindle length and microtubule polymerization

velocity has been observed in zebrafish, C. elegans, and sea ur-

chin.4,17 However, the extent of this correlation quantitatively

changes in these organisms: a strong dependency is observed

in sea urchin and C. elegans, while a small dependency is

observed in zebrafish, similar to the one seen here. This observa-

tion argues that microtubule polymerization contributes partially

to the modulation of spindle length in the Drosophila blastoderm.

Finally, we employed femtosecond laser ablation to sever micro-

tubuleswithin themetaphase spindle to inducemicrotubule depo-

lymerization.18,19 A consistent rate of depolymerization of approx-

imately 0.6 mm/s (35 mm/min) was observed, regardless of the

specific cell cycle stage or spindle length, which demonstrated

that the rate of depolymerization of unstable microtubules does

not change during cycles 10–13 (Figures 2G and 2H). This obser-

vation and the fact that the measured value is consistent with

values observed in other systems argue that this rate is set by

the intrinsic properties of microtubule catastrophe dynamics.

These observations on microtubule dynamics are similar to previ-

ous findings in zebrafish,4 suggesting a conservedmechanism for

the scaling of spindle size duringDrosophila blastodermdivisions.

However, they do not explain the relationship between spindle

length and chromosome speed.
Figure 1. Chromosome velocity during anaphase scales with spindle l

(A) Mitotic spindles in the Drosophila embryo from syncytial cycle 10 to 13, label

(B) Chromosome and microtubule dynamics during mitosis in a His-GFP, mChe

anaphase, telophase.

(C) Distance between the leading edges of sister chromosomes during anaphase

16, cycle 13: n = 27, mean ± SEM).

(D) Chromosome distance from (C) normalized by the distance traveled. Left dotte

anaphase, when chromosome distance reached its maximum or a plateau.

(E) Pole-to-pole distance and chromosome-to-pole distance in a His-RFP g-tubu

cycle, mean ± SEM).

(F and G) Both chromosome-to-pole distance and pole-to-pole distance in (E) co

(H) The average chromosome velocity during anaphase scales with the maxim

embryos with His-GFP or His-RFP, n = 190 nuclear divisions). See also Figure S
Poleward movement of chromosomes (anaphase A) is

achieved by the shortening of kinetochore microtubules, while

the separation of opposite spindle poles (anaphase B) is driven

by microtubule sliding. Both processes involve forces generated

on the microtubules by motor proteins. Thus, we turned our

attention to the molecular motors involved in those processes

and specifically motors that play a role in shortening kineto-

chore-associated microtubules, given the dominant contribution

of anaphase A to chromosome separation. To this end, we first

analyzed microtubule poleward flux, that is, the continuous

movement of tubulin subunits toward the centrosome.20–22 We

note that for kinetochore-associated microtubules, poleward

flux could be due to microtubule depolymerization at both the

centrosome (minus end) and at the kinetochore (plus end), due

to the activity of specificmotors,23–25 as well microtubule sliding.

For interpolar microtubules, poleward flux could be due to either

depolymerization at the centrosome or microtubule sliding. To

estimate poleward flux in the fly embryos, we employed a trans-

genic line in which tubulin is taggedwith a photo-convertible tan-

dem dimer Eos fluorescent protein (tdEos) that can be converted

from green to red upon UV illumination.26 To describe poleward

fluxes in anaphase, we monitored spindle morphology under the

confocal microscope in live embryos.27 As nuclei approached

anaphase onset, we photo-converted a small region of microtu-

bules near themid-spindle and tracked it for 20–30 s during early

anaphase (Figure 3A). The calculated poleward flux rates

were comparable to the speed of chromosome movement at

anaphase onset and similar to previously reported values.22

The flux rate strongly correlated with spindle length, suggesting

an involvement in setting the speed of chromosome movement

in anaphase (Figure 3B).

To strengthen this point, we analyzed whether motors impli-

cated in anaphase A and B movement, namely the kinesin-13

motors, Klp10A and Klp59C, the kinesin-8 Klp67A, and the

kinesin-5 Klp61F, are rate-limiting for chromosome movements

(Figure 3C).We used heterozygousmutants to lower their activity

without abrogating it. We analyzed chromosome velocity and

spindle length in these mutants and found that they retain a

strong relationship between chromosome speed and spindle

length. Notably, all heterozygous mutants display a significant

reduction in the speed of chromosome separation for a given

spindle length (Figures 3D–3F, quantifications are corrected for

changes in spindle length due to loss of motor function). Similar

effects were observed for motors acting primarily at the centro-

some (Klp10A) and at the kinetochore (Klp67A and Klp59C),24
ength

ed with mCherry-Tau microtubule-binding domain (mCherry-TauMBD).

rry-TauMDB embryo at cycle 11. From top to bottom: prophase, metaphase,

as a function of time in one embryo (cycle 10: n = 4, cycle 11: n = 5, cycle 12: n =

d line: anaphase onset. Right dotted line: end of chromosomemovement during

lin-GFP embryo during anaphase (cycle 10: n = 9, cycles 11-13: n = 6 for each

uld be rescaled across cycles.

um chromosome distance, which serves as a proxy of spindle length (N = 6

1 and Video S1.
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suggesting that both processes contribute comparably to chro-

mosome movements (Figures 3D and 3F). Perturbing the level of

Klp61F, the kinesin-5 motor driving microtubule sliding, also

caused a slowdown of chromosome separation, as well as a

small decrease in spindle length (Figures 3E and 3F), concordant

with previous data.28 In addition to anaphase B, kinesin-5 can in-

fluence anaphase A by coupling sliding interpolar microtubules

to kinetochore fibers, as supported by severe inhibition of

Klp61F function by antibody-induced dissociation of the motor

from spindles.28 Collectively, these results show that the scaling

of chromosome movement with spindle length is the result of

changes in the rate of microtubule polymerization, depolymer-

ization, and sliding. These experiments implicatemultiplemotors

in this process, suggesting that there might be a global mecha-

nism controlling their activity in anaphase.

A natural candidate for such regulation is the cell cycle oscil-

lator, as the activity of the motors must be controlled during

the cell cycle. Specifically, we hypothesized that the rates

of phosphorylation and dephosphorylation of mitotic targets

involved in the function of the spindle influence the speed of

chromosome separation. Changes in these rates likely set the

timing of the completion of anaphase. We operationally defined

anaphase duration as the time period from the initiation of chro-

mosome segregation to nuclear envelope reformation (Figures

4A–4C), which we used as the hallmark event indicating comple-

tion of anaphase.29,30 We used the intensity of nuclear-localized

GFP to estimate the timewhen nuclear envelope integrity was re-

established. Imaging this probe together with histones showed

that the reformation of the nuclear envelope starts after chromo-

some segregation is completed (Figure S2). We found that the

duration of anaphase gets progressively longer from nuclear cy-

cle 10 to 13 and, most importantly, that there is a strong correla-

tion between anaphase duration and the speed of chromosome

separation (Figure 4D).

To gain insight on this correlation, we investigated the rela-

tionship between chromosome speed and spindle length in

embryos heterozygous for several regulators of the cell cycle

(Figure 4E). We found that these mutations disrupt the scaling

relationship. Embryos with one less copy of cyclin B (1x

cycB) displayed slightly slower chromosome velocity, whereas

embryos with two extra copies of cyclin B (4x cycB) exhibited a

faster chromosome separation speed. We also observed a

reduction of chromosome velocity in polo (Plk1) and tws (the

B55 regulatory subunit of the PP2A phosphatase) heterozygous

mutants. In polo/+ embryos, the nuclei migrating from the inner

regions of the embryo reached the cortex at cycle 9,31 which is

one cycle earlier than in other genotypes, resulting in larger
Figure 2. Microtubule dynamics contribute to spindle scaling in the Dr
(A and B) Kymographs of chromosome separation (A) and spindle dynamics (B) in a

anaphase onset. Dashed lines indicate approximated centrosome positions.

(C) Line scans of microtubule density along the spindle long axis during metapha

(D) Rescaled microtubule density from cycle 10 to 13.

(E) Microtubule plus-end tracking with EB1-GFP in a cycle 12 embryo.

(F) Microtubule polymerization velocity as a function of spindle length (N = 7, n = 2

comets in one spindle.

(G) Laser ablation of microtubules in a cycle 11 embryo, labeled with Jupiter-GF

intensity onto the spindle long axis.

(H) Microtubule depolymerization velocity as a function of spindle length (N = 27
spindles at the onset of the blastoderm stage. Moreover,

some polo/+ embryos failed to finish cycle 13 due to cell cycle

defects and excessive crowding of the nuclei at the cortex. The

tws heterozygous embryo (twsP/+) displayed normal spindle

length despite slower chromosome speed than wild type.

Finally, we found that PP1-87B and PP1-96A double heterozy-

gous mutant embryos had slightly larger spindles and faster

speeds than wild type (similar to 4x cycB), suggesting that

Cdk1 and PP1 have opposite impacts on chromosome separa-

tion. Collectively, these results revealed a major role for the

components of the cell cycle oscillator in setting the speed of

chromosome separation.

The cell cycle oscillator coordinates mitotic events in space

and time (Figure 4C). In mitosis, Cdk1 activity represses cyto-

plasmic microtubule polymerization by affecting several

microtubule-associated proteins and promotes spindle as-

sembly and chromosome alignment.32 Polo kinase also con-

trols several aspects of spindle and centrosome behav-

iors.33–35 The decrease of Cdk1 activity triggers the onset of

anaphase and the migration of chromosomes toward the

poles. As Cdk1 and Polo activities decrease in mitosis, mitotic

substrates are dephosphorylated mainly by PP1/PP2A phos-

phatases.36,37 The balance of mitotic kinases and phospha-

tases controls all events at mitotic exit, including chromosome

decondensation and reformation of the nuclear envelope.

Analysis of the duration of anaphase indicated that such dura-

tion is longer in the cycB/+, polo/+, and twsP/+ heterozygous

embryos (Figure 4F). Conversely, 4x cycB embryos and PP1

heterozygous embryos showed shorter anaphase durations

than wild type. These findings support the hypothesis that

the activity of cell cycle regulators sets the rate of completion

of anaphase.

Given the observed changes in anaphase duration, we

tested whether the speed of chromosome separation could

be explained by these changes. Indeed, we found a strong

correlation between chromosome velocity and anaphase

rate, and that such correlation holds essentially for all the mu-

tants analyzed, such that all the data can be collapsed on a

single relationship (Figure 4F). This observation suggests

that the rate of progression through anaphase is a strong pre-

dictor, and most likely the major regulator, of the speed of

chromosome separation. Careful inspection of the data

showed that in regions where the anaphase rate overlapped

between wild-type and mutant embryos, the embryos

with larger spindles tended to have slightly higher speeds.

This observation suggested that there is a contribution to

the speed of chromosome movement from processes
osophila embryo
cycle 11 embryo, labeled with His-GFP andmCherry-TauMBD. T = 0 indicates

se in one embryo (n = 5 spindles for each cycle, mean ± SEM).

3 spindles). Each data point represents the mean velocity ± SEM of all tracked

P. A wave of depolymerization was visualized after projecting the differential

). See also Videos S1, S2, and S3.
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Figure 3. Microtubule-depolymerizing mo-

tors regulate chromosome velocity

(A) Photo-conversion of microtubules in the spin-

dle using an a-tubulin-tdEos embryo.

(B) Poleward flux rate scales with spindle length

(n = 16, mean ± 95% CI).

(C) Cartoon showing the activities of depolyme-

rizing motors Klp10A, Klp59C, and Klp67A and

microtubule-sliding motor Klp61F.

(D) Correlation between chromosome velocity and

maximum chromosome distance in one wild-type

(WT, n = 52), one Klp10A (n = 76), and one Klp67A

(n = 65) heterozygous motor mutant.

(E) Correlation between chromosome velocity and

maximum chromosome distance in one WT

(n = 52) and two Klp61F (n = 40) heterozygous

motor mutants.

(F) Average relative change in chromosome ve-

locity betweenWT (N = 3, n = 91) and heterozygous

motor mutants (klp10A/+: N = 3, n = 91; klp59C/+:

N = 2, n = 53; klp67A/+:N = 3, n = 87; klp61F/+:N =

2, n = 40, mean ± SEM, **** p < 0.0001). See also

Figure S3 and Video S4.
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independent of anaphase duration. We speculated that this

residual contribution arises from differences in spindle length

and/or microtubule dynamics.38 Thus, we used a simple linear

model to test how much of the data can be captured by a

combination of anaphase duration and spindle length. After

centering and normalization of the two variables, we found

that a linear combination of anaphase rate and spindle length

can predict chromosome speed with high accuracy in all the

mutants (R2 = 0.84). This analysis suggests that anaphase

rate accounts for 70% of the dependency of chromosome ve-

locity, whereas residual contributions from spindle length (or a

closely correlated variable) might explain the remaining 30%

(Figure 4G). Collectively, these results argue that the speed

of chromosome separation is set by a combination of

biochemical cues from the cell cycle oscillator and additional

mechanical cues from spindle length.

The previous analysis also suggested that PP2A-B55, rather

than PP1, is the rate-limiting phosphatase for completion of

anaphase. Thus, we set to establish a quantitative assay to
660 Current Biology 35, 655–664, February 3, 2025
determine whether PP2A-B55 activity

changes during cycles 10–13 in a way

that could explain the observed changes

in the speed of chromosome separation.

To this end, we analyzed the localization

of Prc1/Feo to the spindle midzone (Fig-

ure S4A), as it was previously shown

that in human cells such localization de-

pends on the dephosphorylation of a

Cdk1 site by PP2A-B55.39,40 The site is

relatively well conserved in Drosophila

(Figure S4B), and we confirmed that

PP2A-B55 is rate-limiting for Feo localiza-

tion to the midzone by analyzing the rate

of accumulation in wild-type vs. twsP/+

mutants (Figure S4D). Remarkably, we
found that the rate of accumulation of Feo to the midzone is a

strong predictor of the speed of chromosome separation, sup-

porting a role for PP2A-B55. Feo accumulates to the midzone

during late anaphase (when chromosome separation is almost

complete but prior to nuclear envelope reformation),41 thus

our assay infers PP2A-B55 activity late in anaphase (Figure 4C).

We expect that this late activity correlates with the phosphatase

activity throughout anaphase and thus conclude that the rate of

activation of PP2A-B55 is a major regulator of chromosome

velocity.

DISCUSSION

Anaphase is the culmination of mitosis when duplicated chro-

mosomes segregate to opposite poles. Typically, anaphase ac-

counts for a very short portion of the cell cycle.42–44 The

rapidity and precise spatial control needed for a successful

anaphase could pose challenges for the accuracy of chromo-

some segregation. Here, we carefully characterized the



Figure 4. The cell cycle oscillator and spindle length together set the speed of chromosome movement in anaphase

(A and B) Dynamics of chromosome and nuclear localization signals (NLSs) in a cycle 11 embryo, from nuclear envelope breakdown to nuclear envelope

reformation.

(C) Schematic of anaphase progression and the corresponding activity of mitotic kinases and phosphatases.

(D) Chromosome velocity scales with anaphase rate in WT embryos (N = 3, n = 71).

(E) Chromosome velocity as a function of maximum chromosome distance in individual heterozygous cell cycle mutant embryos (WT: n = 27; cycB 1X: n = 31;

cycB 4X: n = 29; polo/+: n = 36; pp1/+: n = 29; twsP/+: n = 24).

(F) Chromosome velocity as a function of anaphase rate in heterozygous cell cycle mutants.

(G) Chromosome velocity scales with a linear combination of anaphase rate (70%) and spindle length (30%). See also Figures S2–S4.
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movement of chromosomes during anaphase as Drosophila

embryos proceed through the blastoderm cycles. We found

that the speed of chromosome separation during these cycles

is in large part controlled by the rate at which nuclei complete

anaphase. Spindle length (microtubule dynamics) further con-

tributes to this process, ensuring a tight relationship between

chromosome separation and spindle length in Drosophila blas-

toderm embryos.
Themechanisms of chromosome segregation during anaphase

vary across different biological systems. In Drosophila embryos

and human cell lines, chromosome-to-pole movement (anaphase

A) dominates the total chromosome movement. On the contrary,

in C. elegans embryos, chromosome movement is almost solely

achieved by pole-pole separation (anaphase B).13 Our analysis

of microtubule dynamics and our genetic manipulations of molec-

ular motors argue the speed of chromosome separation is mainly
Current Biology 35, 655–664, February 3, 2025 661
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set by the activity ofmicrotubule-depolymerizingmotors. Notably,

all three microtubule-depolymerizing motors, Klp10A, Klp67A,

and Klp59C, as well as kinesin-5 Klp61F, contribute to setting

chromosome speed in anaphase. Two major drivers of anaphase

A movement have been proposed: microtubule depolymerization

at the centrosomeand the kinetochore. It has beendebatedwhich

of the two mechanisms contributed more. Our work argues that

both processes contribute to a comparable extent to anaphase A.

Our results support a model in which the duration of anaphase

is a major determinant of the speed of chromosome movement.

This observation can be linked to the role of molecular motors

by proposing that the cell cycle oscillator sets the activity of the

motors and thus controls the speed of chromosome movement.

This model is supported by previous experiments showing that

phosphorylation by mitotic kinases can influence the activity

of mitotic centromere-associated kinesin (MCAK), the major

microtubule-depolymerizing kinesin in human cells.45 Notably,

we found that the rate of anaphase completion depends similarly

on the activity of the mitotic kinases Polo and CycB-Cdk1 and the

phosphatase PP2A. Genetic manipulations that decrease the ac-

tivity of all three enzymes result in slower progression through

anaphase. Our analysis also revealed that PP2A-B55, rather

than PP1, is the rate-limiting phosphatase for timing nuclear enve-

lope reformation (completion of anaphase), consistent with previ-

ous findings.30 These observations suggest that the duration of

anaphase depends on feedback mechanisms among Polo,

Cdk1, and PP2A that drive both phosphorylation and dephos-

phorylation of mitotic targets. Understanding how these mecha-

nisms operate to control anaphase will provide new insight on

mitotic regulation.

Our experiments also show that cell cycle dynamics cannot

fully explain the speed of chromosome separation and that other

processes that correlate with or are controlled by spindle length

must be involved. A possibility is that available molecular motors

are titrated out by the increasing number of kinetochores and

centrosomes. Consistent with this, using a Klp10A-GFP trans-

genic line, we observed a slight decrease in the Klp10A concen-

tration at centrosomes from cycle 11 to cycle 13 (Figure S3A).

Notably, the speed of chromosome separation in klp10A/+ and

klp67A/+ embryos is reduced even though the duration of

anaphase is essentially unaltered (Figure S3B), further suggest-

ing that in addition to their control by the cell cycle, the levels

and localization of these motors contribute to anaphase move-

ments. Alternatively, the effects of spindle length on chromo-

some separation could arise from geometric or physical effects,

for example via microtubule length-dependent processes or

other mechanisms by which forces might scale with spindle

length.46 However, we cannot exclude that changes in microtu-

bule dynamics affect both spindle length and chromosome ve-

locity, and thus the effect of spindle length on chromosome sep-

aration is an indirect consequence of changes in microtubule

dynamics.

Scaling of spindle size with available cytoplasm is ubiquitous,

and it is believed that microtubule polymerization and nucleation

set this scaling.4,5 In this study, we revealed an association

between spindle scaling and chromosome segregation. Under-

standing if this association is conserved in other systems,

in particular in embryos undergoing reductive cleavage divi-

sions, could reveal a general link between these processes.
662 Current Biology 35, 655–664, February 3, 2025
Furthermore, understanding if and how the scaling identified

here is influenced by the syncytial and multi-nucleated nature

of the cytoplasm will be important. In the future, developing an

integrated model that combines the dynamics of phosphoryla-

tion levels, microtubule quantity and dynamics, and cell cycle

progression will be essential to elucidate the mechanism of

scaling of chromosome speed.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Halocarbon Oil 27 Sigma Cat # 9002-83-9

Experimental models: Organisms/strains

D. melanogaster: w; His2Av-EGFP; mCH-TMBD S. Di Talia N/A

D. melanogaster: w[1118]; P{w[+mC]=PTT-GA}Jupiter[G00147] Bloomington BDSC: 6836; FlyBase: FBst0006836

D. melanogaster: w[*]; P{w[+mC]=His2Av-mRFP1}II.2 Bloomington BDSC: 23651; FlyBase: FBst0023651

D. melanogaster: w[1118]; P{w[+mC]=osk-GAL4::VP16}F/TM3, Sb[1] Bloomington BDSC: 44242; FlyBase: FBst0044242

D. melanogaster: w[*]; P{w[+mC]=UASp-alphaTub84B.tdEOS}7M Bloomington BDSC: 51314; FlyBase: FBst0051314

D. melanogaster: w[1118]; P{w[+mC]=ncd-Eb1.GFP}M1F3 Bloomington BDSC: 57327; FlyBase: FBst0057327

D. melanogaster: w[*]; P{w[+mC]=Klp10A.GFP}M12M1 Bloomington BDSC:57329; FlyBase: FBst0033963

D. melanogaster: w[1118]; P{w[+mC]=ncd-

gammaTub37C.GFP}F13F3

Bloomington BDSC:56831; FlyBase: FBst0056831

D. melanogaster: Klp10A[ThbA]/FM7iP{ActGFP} S. Endow N/A

D. melanogaster: Klp59C[DE38-V35]M17M1/SM5 S. Endow N/A

D. melanogaster: w[*]; P{w[+mC]=Klp10A.GFP}M12M1 Bloomington BDSC: 57329; FlyBase: FBst0057329

D. melanogaster: Klp61F[urc-1]/TM6B, Tb[1] Bloomington BDSC: 35508; FlyBase: FBst0035508

D. melanogaster: w[*]; P{w[+mC]=EP}Klp67A

[322b24]/TM6B, Tb[1]

Bloomington BDSC: 35507; FlyBase: FBst0035507

D. melanogaster: y[1] w[67c23];

P{w[+mC]=Ubi-GFP.nls}ID-2; P{Ubi-GFP.nls}ID-3

Bloomington BDSC: 1691; FlyBase: FBst0001691

D. melanogaster: w;pCasPer-CycB/pCasPer-

CycB;pCasPer-CycB/pCasPer-CycB

S. Di Talia N/A

D. melanogaster: w[*]; CycB[2]/CyO, P{ry[+t7.2]=ftz-lacB}E3 Bloomington BDSC: 6630; FlyBase: FBst0006630

D. melanogaster: y[1]; P{y[+mDint2]

w[BR.E.BR]=SUPor-P}polo[KG03033]

ry[506]/TM3, Sb[1] Ser[1]

Bloomington BDSC: 13941; FlyBase: FBst0013941

D. melanogaster: w[*]; Pp1-87B[87Bg-3]

e[1] Pp1alpha-96A[2]/TM6B, Tb[1]

Bloomington BDSC: 23699; FlyBase: FBst0023699

D. melanogaster: w; Sp/CyO; twsP/TM6C, Tb, Sb M. Goldberg N/A

D. melanogaster: w[*]; P{w[+m*]=Ubi-

p63E-feo.GFP}3/TM3, Sb[1]

Bloomington BDSC: 59274; FlyBase: FBst0059274

Software and algorithms

MATLAB R2023b Mathworks https://www.mathworks.com/

ilastik Berg et al.11 https://www.ilastik.org/

FIJI Schindelin et al.15 https://imagej.net/software/fiji/

TrackMate Ershov et al.16 https://imagej.net/plugins/trackmate/
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Fly lines and husbandry
Klp10A P mutant flies were raised at room temperature (�21�C) on glucose food (Archon, Cat #D210). All other flies were raised at

room temperature on standard molasses food (Archon, Cat #B20101).

METHOD DETAILS

Embryo collection and processing
Before imaging, adult flies with genotypes of interest were housed in a cage covering an apple juice plate at 25�C, supplemented with

yeast paste. Embryos were collected over 2 hours on a fresh plate, dechorionated with 50% bleach for 1 minute, and mounted in

Halocarbon oil 27 on a gas-permeable membrane with coverslips.
Current Biology 35, 655–664.e1–e3, February 3, 2025 e1
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Microscopy
Embryos were imaged on a Leica SP8 laser scanning confocal microscope equipped with a Leica 20x oil-immersion objective

0.75NA (HC PL APO CS2 20x/0.75 IMM) unless otherwise noted.

Microtubule plus end imaging
Embryos were imaged with a spinning disk confocal microscope (IX83 Olympus microscope with CSU-X1 Yokogawa disk) con-

nected with two iXon DU-897 back-illuminated EMCCD camera (Andor). Experiments were acquired using an Olympus 100x silicon

oil objective1.35 NA and imaged at 1-2 frames per second.

Laser ablation experiments
With the Jupiter-GFP line, metaphase spindles were imaged using a spinning disk confocal microscope (Nikon Ti Eclipse, Yokogawa

CSU-X1) equipped with an EMCCD camera (iXon DU-888 or DU-897, Andor) and a 100x oil-immersion objective. Images were ac-

quired with the Andor iQ software. Laser ablation was performed according to Rieckhoff et al. on a custom-built femtosecond laser

microsurgery system. Briefly, line cuts parallel to the spindle equator were induced bymoving the sample with a high-precision piezo

stage (PInano) relative to the stationary cutting laser. The ablation was controlled by a custom-written software managing the piezo-

stage and a mechanical shutter in the optical path. Each embryo was cut only once and imaged at intervals of 200-300ms/frame.

Photo-conversion experiments
Photo-conversion experiments were performed on the Leica SP8 microscope with the FRAPModule in the Leica Application Suite X

(LAS X). Experiments were acquired using a Leica 63x oil objective 1.40 NA (HC PL APO CS2 63x/1.40 OIL). Spindle microtubules

were excited with 0.1% 405nm laser for 1 millisecond to induce photo-conversion from GFP to RFP.

QUANTIFICATION AND STATISTICAL ANALYSIS

Chromosome segmentation and tracking
Movies of the histone channel were loaded in ilastik for chromosome segmentation using the pixel classification workflow. Pixels

were manually annotated as either chromosome or cytosol to train the classifier. Training was considered complete when the live

output aligned with visual judgement. A predictionmap for chromosome segmentation was generated. The rawmovie and prediction

map were reloaded into ilastik for the tracking or manual tracking workflow, with the division events manually labeled. For automatic

tracking, the correctness of the tracking wasmanually verified before further quantification. Either the maximum number of trackable

nuclear division events in frame or at least five divisions were recorded for each cycle.

Quantification of chromosome distance and chromosome velocity
For segmented chromosome undergoing mitosis, a bounding box was drawn surrounding a single nucleus or sister chromosomes.

The length of the bounding box along the division axis was quantified as chromosome distance in real-time. Anaphase onset was

determined as the first frame when chromosome distance started to increase after metaphase. The total chromosome movement

during anaphase was quantified from anaphase onset till the chromosome distance plateaued (e.g. in cycles 10 and 11) or reached

maximum before recoil (e.g. in cycles 12 and 13). Average chromosome velocity was calculated as total chromosome movement

divided by the duration of the movement. To compare the velocity among genotypes controlling for spindle length, data points

were divided into 4 bins based on spindle lengths (ranging from 12 mm to 20 mm). The average chromosome velocity of the

wild-type in these bins was quantified as a refence velocity <vWT>. For each bin, the relative change in velocity was quantified as

(vmutant-<vWT>)/<vWT>. Relative changes in all bins were summarized for each genotype.

Quantification of Anaphase A and B movement
Using the TrackMate plugin in FIJI, centrosomesmarkedwith gTubulin were detectedwith the LoGdetector and trackedwith the LAP

tracker, allowing for splitting. Centrosome tracks were manually curated and matched with the corresponding chromosome tracks.

Anaphase B movement was quantified by measuring the separation of two centrosomes at opposite spindle poles. Anaphase A

movement was calculated by subtracting Anaphase B movement from the total chromosome movement.

Comparison of maximum chromosome distance and anaphase spindle length
Maximum chromosome distance was measured using the His-GFP channel, while spindle length was measured using the mCherry-

TauMBD channel. For each genotype, measurements were taken from one embryo from cycle 10 to 13. In each cycle, the anaphase

spindle length and maximum chromosome distance were quantified across 3 nuclear divisions. Anaphase spindle length was manu-

ally measured as the centrosome-to-centrosome when the chromosomes were clearly separated, and the spindle exhibited an elon-

gated shape characteristic of anaphase, but before the formation of the dense midzone region typical of telophase. The maximum

chromosome distance for each division was also manually recorded. For each nuclear division, the ratio of maximum chromosome

distance to anaphase spindle length was calculated. This ratio was then averaged for each genotype.
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Quantification of microtubule density
For spindles at metaphase, a line of defined thickness (2mm) along the spindle long axis was used to measure fluorescence intensity

and calculate the density profile.

Quantification of microtubule polymerization velocity
EB1 comets in the spindle region were tracked with the TrackMate plugin in the FIJI software, applying the LoG detector and simple

LAP tracker. Tracks were filtered by duration (�3-15s) and linearity (>�0.9) and then manually screened. The speeds of all correctly

tracked comets within each spindle were averaged to represent the microtubule polymerization velocity for that spindle.

Quantification of microtubule depolymerization velocity
The amount of depolymerized microtubule during a time interval was calculated by subtracting raw images with a time difference of

0.4�0.6s from each other and integrating these differential intensities perpendicular to the spindle long axis. Depending on the po-

sition of the cut, the integrated differential intensities along the spindle long axis showed one or two well-defined peaks. The peaks

moved toward the nearest pole following ablation. The more prominent peak was fit to a Gaussian function to quantify the position of

the maximum. The position of the maxima over time was fit to a line to determine the microtubule depolymerization velocity.

Quantification of poleward flux rate
To analyze the poleward flux, for images in the photo-converted channel, we computed the average fluorescence intensity along the

spindle length and evaluated the points where this quantity crosses a value close to half-max, estimated as half of the 95 percentile of

fluorescence intensity values. These points defined the ends of the photo-converted region. For instances when the spindles remain

a constant length and where microtubules on both sides of the mid-spindle were properly labeled, the speed of poleward flux was

estimated as half of the speed at which the two endsmoved apart. For instances wheremicrotubules were labeled only on one side of

the spindle, we computed the speed as the distance between the photo-converted end and the closest centrosome. The positions of

centrosomes were estimated by computing the initial and final positions where intensity in the green (non-converted) channel

crossed a value close to half-max (half of the 95 percentile of fluorescence intensity values).

Quantification of nuclear envelope reformation
The Histone-RFP channel in the time-lapse movie was used to segment nuclei and track nuclear division with ilastik. The nuclear

concentration of GFP-NLS signal, together with chromosome distance, was plotted as a function of time. The onset of nuclear en-

velope reformation was inferred from the time point when the GFP-NLS concentration began to increase after chromosome

separation.

Quantification of Feo accumulation rate
A rectangle was defined at the centroid of segmented chromosome(s) (15mm along the spindle long axis * 2mm perpendicular to the

spindle long axis). The average Feo intensity in the rectangular region was quantified and plotted against time. The Feo accumulation

rate was determined by calculating the slope of the linear increase in the logarithm of average Feo intensity over time.
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