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Orchestrating nonmuscle myosin II filament 
assembly at the onset of cytokinesis

ABSTRACT Contractile forces in the actomyosin cortex are required for cellular morphogen-
esis. This includes the invagination of the cell membrane during division, where filaments of 
nonmuscle myosin II (NMII) are responsible for generating contractile forces in the cortex. 
However, how NMII heterohexamers form filaments in vivo is not well understood. To quan-
tify NMII filament assembly dynamics, we imaged the cortex of Caenorhabditis elegans em-
bryos at high spatial resolution around the time of the first division. We show that during the 
assembly of the cytokinetic ring, the number of NMII filaments in the cortex increases and 
more NMII motors are assembled into each filament. These dynamics are influenced by two 
proteins in the RhoA GTPase pathway, the RhoA-dependent kinase LET-502 and the myosin 
phosphatase MEL-11. We find that these two proteins differentially regulate NMII activity at 
the anterior and at the division site. We show that the coordinated action of these regulators 
generates a gradient of free NMII in the cytoplasm driving a net diffusive flux of NMII motors 
toward the cytokinetic ring. Our work highlights how NMII filament assembly and disassem-
bly dynamics are orchestrated over space and time to facilitate the up-regulation of cortical 
contractility during cytokinesis.

INTRODUCTION
A dynamic cytoskeleton can change a cell’s shape including con-
stricting the membrane during division—a process essential for life. 
Actomyosin is the cytoskeletal component involved in cell division 

in animal cells and is found in a thin layer called the cortex that un-
derlies the cell membrane (Salbreux et al., 2012; Blanchoin et al., 
2014). It consists of actin filaments cross-linked by the molecular 
motor nonmuscle myosin II (Pollard, 2016), hereafter referred to as 
NMII. NMII is a member of the myosin superfamily of motor proteins 
and functions by pulling on actin filaments to generate the force 
needed to deform the cortex during cell division (Sellers, 2000; 
Lecuit et al., 2011). NMII is a heterohexamer consisting of two heavy 
chains, two essential light chains, and two regulatory light chains 
called the essential light chain and the regulatory light chain (ELC 
and RLC, respectively). The heavy chains hydrolyze ATP to cause a 
conformational change—called the power stroke—that pulls against 
actin. The two light chains regulate this activity (Sellers, 2000). Mul-
tiple NMII motor proteins assemble into bipolar filaments that can 
cross-link two actin filaments. The concerted action of NMII motors 
in such a filament generates force between two adjacent actin fila-
ments (Levayer and Lecuit, 2012). Human NMII has been estimated 
to contain around 30 motors per filament (Niederman and Pollard, 
1975; Billington et al., 2013). However, the details of how the bio-
chemistry of NMII results in the behaviors of the cortex at the cellular 
levels is not well understood.

Recent work, in our lab and others, considers the cortex as a thin-
layer, active fluid and has applied hydrodynamic theory to describe 
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FIGURE 1: NMII spot dynamics at the cortex and changes in localization of NMY-2::GFP in the cell during the assembly 
of the ring. (A) Spinning-disk confocal microscopy images of C. elegans one-cell embryos labeled with NMY-2::GFP 
(green) and the marker for actin filaments, LifeAct::mKate (magenta). Representative images of cells during the 
maintenance phase (t = −60 s), assembly of the ring (t = 0–60 s), and cytokinesis are shown (t = 120 s). Two enlarged 
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its behavior (Salbreux et al., 2009; Jülicher et al., 2018). This ap-
proach has helped elucidate the role of NMII in the dynamic rear-
rangement of the cortex during early development, specifically in 
Caenorhabditis elegans (Mayer et al., 2010; Naganathan et al., 
2014; Reymann et al., 2016; Pimpale et al., 2020). However, more 
detailed data, for example, on the assembly and disassembly dy-
namics of NMII filaments, are needed in order to arrive at more ac-
curate theoretical descriptions of cortical dynamics.

In the one-cell C. elegans embryo, the cortex undergoes a series 
of rearrangements. At the end of the S-phase of first mitotic division 
(Begasse and Hyman 2011), the sperm enters at the posterior of the 
oocyte and inhibits myosin locally (Goldstein and Hird, 1996). This 
change in myosin concentration establishes a gradient of contractil-
ity in the cortex that induces it to flow from posterior to anterior 
(Motegi and Sugimoto, 2006; Gubieda et al., 2020). Thus the uni-
formly distributed cortex is rearranged to form an accumulation of 
actomyosin at the anterior pole of the cell called the anterior cap 
(Schonegg and Hyman, 2006, Pacquelet, 2017). This change in the 
myosin distribution breaks the symmetry of the cell and sets the 
anterior-posterior axis. During the maintenance phase, the levels of 
actomyosin in the cortex are kept high in the anterior and low in the 
posterior (Rose and Gönczy, 2014; Kumfer et al., 2010; Pacquelet, 
2017). This phase corresponds to the prometaphase of the first cell 
division (Begasse and Hyman, 2011). The maintenance phase ends 
when the anterior cap disassembles and a contractile ring forms at 
the future position of the cytokinetic furrow (Tse et al., 2011, 2012; 
Reymann et al., 2016; Pacquelet, 2017). At this time, the neighbor-
ing cortex flows into the ring, which gives rise to shear flows and the 
ordering of actin filaments into parallel bundles. Force generation in 
the ring then pulls the membrane inward to divide the cell (Reymann 
et al., 2016; Khaliullin et al., 2018).

Different regulators of NMII activity control the various rear-
rangements of the cortex, including RHO-1 and the PAR polarity 
proteins. RHO-1 is the C. elegans ortholog of the RhoA GTPase—a 
molecular switch that regulates myosin contractility via phosphoryla-
tion of the myosin light chain called MLC-4 in C. elegans (Etienne-
Manneville and Hall, 2002; Piekny and Mains, 2002). The PAR pro-
teins form mutually antagonistic membrane domains that define the 
anterior and posterior sides of the cell (Hoege and Hyman, 2013). 
During flow phase, PAR polarity proteins and RHO-1 activate NMII 
(Jenkins et al., 2006; Begasse and Hyman, 2011; Pacquelet, 2017) 
via the kinase LET-502, a member of the ROCK family of Rho-depen-
dent kinases (Wissmann et al., 1997; Piekny and Mains, 2002). Dur-
ing the maintenance phase, NMII levels are controlled by the PAR 
polarity proteins and CDC-42—another member of the Rho GTPase 
family (Motegi and Sugimoto, 2006; Schonegg and Hyman, 2006)—
perhaps via its effector MRCK-1 (Beatty et al., 2013; Marston et al., 
2016). During cytokinesis, signals from the spindle mid-zone and 
astral microtubules activate RHO-1 at the cortex to initiate the as-
sembly of the cytokinetic ring (Dechant and Glotzer, 2003; Bring-
mann and Hyman, 2005; Wolfe et al., 2009; Green et al., 2012).

These regulated rearrangements of the cortex represent switches 
between periods of stability and dynamic change (Begasse and 

Hyman, 2011; Pacquelet, 2017). However, it is currently unclear if 
and how the dynamics of NMII motors induce these switches. Spe-
cifically, it remains elusive how NMII regulation is orchestrated in 
time and space. Specifically, we are interested in the dynamics of 
how NMII assembles into filaments and subsequently disassembles 
into free motors. The assembly of the ring therefore offers a good 
opportunity to investigate these dynamics: occurring after a period 
of stability—the maintenance phase—and before the onset of the 
cortical flows that transport cortical matter toward the equators 
(Maddox et al., 2007; Reymann et al., 2016; Khaliullin et al., 2018). 
To investigate this, we looked at the dynamics of NMII motors in fila-
ments in the cortex at high temporal and spatial resolution.

RESULTS
The dynamic rearrangement of the cortex at the cellular 
scale involves binding and unbinding of NMII
To investigate the dynamics of NMII during the assembly of the ring, 
we analyzed the localization of NMY-2 over space and time. To do 
this, we performed time-lapse imaging using spinning-disk micros-
copy. A strain expressing NMY-2 fused to green fluorescent protein 
(GFP; NMY-2::GFP) and the actin binding protein Lifeact fused to 
mKate2 (Lifeact::mKate, methods) was used to label actomyosin. 
We first considered the distribution of NMII at the cellular scale 
(Figure 1A; Supplemental Movie S1). NMY-2::GFP can be seen in 
foci distributed across the length of the cell in the cortical layer. 
These foci represent either individual NMII filaments, or small stacks 
of filaments—as observed by EM (Shutova et al., 2014)—or one or 
more filaments that are too close to resolve by spinning-disk micros-
copy. We refer to these as NMII spots. The brightness of these spots 
and how densely packed they are per unit area of the cell change 
over space and time (Figure 1A). During the maintenance phase, 
NMII spots are brighter and more densely packed at the anterior 
side and dimmer and less densely packed at the posterior side. 
During ring assembly, the density and brightness of NMII spots 
decrease at the anterior side and NMII spots are enriched at the 
equator. During construction of the ring, the signal from NMY-2::GFP 
at both poles is low and the NMY-2::GFP signal disappears as the 
cortex is pulled out of the imaging plane as the cytokinetic ring in-
gresses (Figure 1A). These observations are consistent with previous 
work (Munro et al., 2004; Maddox et al., 2007; Kumfer et al., 2010; 
Tse et al., 2011, Li and Munro, 2021). We then considered the be-
havior of NMII at the scale of individual NMII spots. We observed 
examples of filaments being recruited to the cortex and increasing 
in apparent brightness. Figure 1B shows an example of an empty 
patch of actin where NMII spots seem to bind (arrowheads) with one 
prominently increasing in brightness (arrow). Also, we observed 
cases of spots unbinding from the cortex (i.e., disappearing from 
one frame to the next; Figure 1B). We also observed NMII spots di-
viding; for example, one spot moves along an actin filament then 
splits into two spots (Figure 1B, arrowheads) which move apart 
along the direction of the actin filament (Figure 1B, magenta arrow). 
From this we conclude that the rearrangement of the cortex from 
the anterior to the equator might arise from the dynamics of NMII.

sections are shown for each time point (zoom): one in the anterior and one in the equator where the ring will form 
(white dashed boxes). Scale bar: 10 µm; time is relative to the start of the assembly of the ring; A, anterior pole of the 
cell; P, posterior pole; inset, zoom. (B) Representative examples of NMII spots binding, dividing, and unbinding (scale 
bar, approximately 1 µm; time interval, 5 s. (D–G) Myosin density and intensity was plotted for the maintenance phase 
(blue), the start of ring assembly (dark green), the late ring assembly (light green), and the ring constriction (orange) for 
10 spacial bins along the AP axis. The total NMII fluorescence intensity for the whole bin (D), the fluorescent intensity 
for segmented NMII spots (E), the number of NMII spots per unit of area of the cortex (F), and the spot intensity 
multiplied by the density (G) are plotted separately. Error bars: mean ± SD.
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To understand how the dynamics of NMII might change over 
space and time, we quantified the total intensity of NMY-2::GFP for 
10 spatial bins along the AP axis (Figure 1D) in accordance with 
previous work (Mayer et al., 2010; Reymann et al., 2016). These data 
show a peak in the anterior bins and lower values at the posterior 
side during the maintenance phase. This peak shifts to the equator 
during assembly and constriction (Figure 1D). A net increase of NMII 
at the cortex could be driven by an increase in the number of NMII 
motors per NMII filament, an increase in the number of filaments at 
the cortex, or both. Therefore, if NMII motors are recruited to NMII 
filaments that are already bound to the cortex, then an increase of 
NMY-2::GFP intensity in individual NMII spots should be seen. Alter-
natively, if new filaments are recruited to the cortex then an increase 
in NMII spot density should be observed. To discriminate between 
these possibilities, we tracked individual NMII spots using the Mo-
saic Particle Tracker (Sbalzarini and Koumoutsakos, 2005) and ex-
tracted qualitative data about their number per unit area and their 
brightness (Supplemental Figure S1; Materials and Methods). With 
these data, we measured two parameters: spot density—the num-
ber of spots per unit area (counts/µm2)—and spot intensity—the 
number of NMII molecules per NMII filament as quantified by the 
fluorescence intensity of NMY-2::GFP signal per spot. Plotting these 
values along the AP axis showed that NMII redistributes from the 
anterior side of the embryo during the maintenance phase to the 
posterior side as the ring assembles (Figure 1, E and F). We multi-
plied the spot densities by the mean spot intensity for each bin 
(Figure 1G) which, at all four time points analyzed, gives rise to a 
distribution that resembles the original NMII intensity profile shown 
in Figure 1D. Diffusely localized NMY-2::GFP molecules in the corti-
cal plane, which are not incorporated into NMII filaments, and out of 
focus light would contribute to the total fluorescence but not the 
density and intensity measurements in segmented tracks. There-
fore, measuring the intensity and density of tracked NMII spots 
provides a more accurate estimate of the NMII that contributes to 
force generation. We conclude that the assembly of the cytokinetic 
ring is accompanied by both an increase of the number of NMII 
motors per NMII filament and an increase of NMII filament density 
in the cortex.

NMII filament density and intensity increase during 
assembly of the ring
We next looked in more detail at how NMII filament characteristics 
change with time. To do this, we looked with higher temporal reso-
lution at the NMII spot density and intensity. The time when myosin 
intensities started to increase at the equator was used to temporally 
align the dataset (Materials and Methods). Regions were drawn in 
the anterior and posterior sides of the cell and the average density 
and intensity of NMII spots in these two regions of interest (ROIs) 
were plotted over time (Figure 2). During the maintenance phase 
(–200 to 0 s), both NMII spot density and intensity are relatively low 
in the posterior where the contractile ring forms. Then, NMII spot 
density and intensity rapidly increase over a period of about 50 s 
after the assembly of the ring starts. Thereafter, intensity and density 
measurements drop off due to the ingression of the cytokinetic ring 
pulling the cortex out of the imaging plane. In contrast, both these 
parameters are relatively high at the anterior during the mainte-
nance phase. Thereafter, they remain constant for the first 50 s after 
the ring starts to assemble and then drop relatively slowly at around 
50–100 s after the ring assembles, reaching lower values 2–3 min 
after the onset of the assembly of the ring (Figure 2). These changes 
in NMII spot density and intensity are consistent with the recruit-
ment of NMII filaments and motors to the equator as the contractile 

FIGURE 2: NMII density and intensity increase at the posterior and 
decrease in the anterior during ring formation. The NMII spot density 
per µm2 of the cortex is plotted over time for regions in the anterior 
and posterior (insets). NMII spot fluorescence intensity is plotted in 
the same way. Time is relative to the start of the assembly of the ring; 
t = –200-0 covers the end of maintenance phase; the vertical dashed 
line is the start of ring assembly; t = 0-200 covers ring assembly and 
constriction. The line and shaded area, mean of seven embryos ± SD; 
dotted line, average of 6 or less repeats.

ring forms and the disassembly of the anterior cap shortly thereafter. 
To conclude, we observe a rapid increase in both NMII filament den-
sity and intensity at the posterior during the transition from mainte-
nance to ring assembly.

Superresolution imaging of NMII dynamics in the cortex
To better resolve the NMII filament behaviors that were observed 
with spinning-disk microscopy, we imaged NMII at higher spatial 
resolution using structured illumination total internal reflection fluo-
rescence imaging (SI TIRF; Guo et al., 2018). We observed the same 
disassembly of cortical NMII in the anterior and a concomitant as-
sembly of the cytokinetic ring (Figure 3A; Supplemental Movie S2) 
as we had seen with the spinning-disk imaging modality. We also 
imaged at higher temporal resolution and could again see NMII 
spots binding, unbinding, and dividing (Figure 3B). However, at this 
higher resolution we could be more confident that division events 
were not in fact two overlapping NMII filaments but rather individual 
filaments splitting (Fenix et al., 2016; Beach et al., 2017). Individual 
NMII filaments were segmented and tracked as before (Supplemen-
tal Figure S1). The intensity profiles for individual filaments in the 
anterior and posterior are plotted as color-coded tracks (Figure 3C). 
The tracks are stacked in the order in which they appeared in the 
cortex, and each track starts at the time at which the corresponding 
filament first appeared. This visualizes both the rate of NMII filament 
recruitment (Figure 3C, white lines) and the time course of filament 
assembly dynamics. The general trend is that filaments are first re-
cruited to the cortex and then increase in intensity to a peak fol-
lowed by a decrease in intensity before being lost from the cortex. 
This is illustrated by the tendency of tracks to become brighter—
more yellow and white pixels—with time (Figure 3C and Supple-
mental Figure S2, A and B). In the anterior, new NMII filaments are 
recruited to the cortex with a decreasing rate over time. Tracks are 
also brighter and longer in the maintenance phase and shorter and 
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dimmer during ring formation (Figure 3C; Supple-
mental Figure S2, A and B). The opposite is true in 
the posterior where the rate of NMII filament 
recruitment suddenly increases at the onset of the 
ring formation (Figure 3D, red line) and there is 
a trend for tracks to be longer and have higher 
intensities after ring formation compared with 
those during the maintenance phase. We quanti-
fied the intensity changes in more detail (see 
Supplemental Data). In the anterior during main-
tenance, NMII filaments typically first grow in 
intensity before they drop below their starting 
intensity after approximately 10 s. In contrast, 
filaments appearing in the posterior during ring 
assembly increase to a higher brightness and stay 
bound for longer (Supplemental Figure S2, C and 
F). These data are consistent with NMII filaments 
disassembling from the anterior and assembling 
at the posterior as the ring forms. More strikingly, 
the sudden increase in the rate of NMII filament 
recruitment at the equator around the time of the 
onset of the formation of the cytokinetic ring 
indicates that there is a regulatory switch that 
activates ring assembly, likely via local RHO-1 
activation (Tse et al., 2012). This regulation seems 

FIGURE 3: Superresolution imaging of NMII 
filaments in the cortex and show dynamics at the 
cortex and a sharp increase in the recruitment rate 
as the ring assembles. (A) Superresolution SI TIRF 
microscopy images of C. elegans one-cell labeled 
with NMY-2::GFP (green) and the marker for actin 
filaments, LifeAct::mKate (magenta). 
Representative images of cells during the 
maintenance phase (t = −60 s), assembly of the ring 
(t = 0-60 s) and during cytokinesis are shown (t = 
120 s). Two enlarged sections are shown for each 
time point (insets): one in the anterior and one in 
the equator where the ring will form (white dashed 
boxes). Scale bar: 20 µm; time is relative to the 
start of the assembly of the ring. A, anterior pole of 
the cell; P, posterior pole. (B) Representative 
examples of NMII filaments binding to the cortex, 
dividing and unbinding (scale bar: 5 pixels or 
approximately 0.200 µm; time interval: 90 ms). 
(C) Color-coded tracks were plotted for individual 
tracked NMII filaments in the anterior and equator 
(insets). Each track starts at a position on the x-axis 
that corresponds to the time when a filament 
appeared at the cortex. The color of each track 
corresponds to the intensity of the filament (black, 
low intensity; green-yellow, higher intensities). 
These intensity profiles were then stacked on the 
y-axis in the order in which the corresponding 
filament appeared at the cortex (top first, bottom 
last) and a vertical red line shows the time when the 
ring starts to assemble. The top tracts represent 
the filaments that are in the field of view at the 
start of the movie. The white dashed lines are a 
guide to the eye for the rate of NMII filamnet 
recruitment to the cortex (arrival events per unit 
of time).
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to act by increasing the recruitment of new NMII filaments to the 
cortex and also the recruitment of new NMII motors to pre-existing 
NMII filaments.

Key myosin regulators modulate both NMII spots density 
and intensity
To test what might regulate the increase in NMII filament density 
and intensity at the cortex as the ring assembles, we chose two 
candidate proteins that are known to influence NMII activity (Figure 
4A). These proteins were LET-502 and MEL-11. LET-502 is the 
C. elegans Rho1-dependent kinase which activates NMII activity by 
phosphorylating its regulators light chain, MLC-4 (Piekny et al., 
2003). MEL-11 is the C. elegans myosin phosphatase-targeting sub-
unit that inhibits NMII activity by dephosphorylating MLC-4 (Piekny 
and Mains, 2002; Piekny et al., 2003). To test the role of these two 
proteins in regulating NMII during ring assembly, we performed 
RNA interference (RNAi) of let-502 and mel-11 and then performed 
time-lapse imaging of C. elegans embryos expressing NMY-2::GFP 
and Lifeact::mKate.

For let-502 RNAi, imaging revealed phenotypes that confirmed 
the RNAi was effective after 28–29.5 h of knockdown (Supplemental 
Data). For example, the anterior cap is larger than that in wild type 
(Figure 4B), and particle image velocimetry (PIV) analysis of NMII 
during the early flow phase shows a decrease in NMII velocity along 
the AP axis (vx) compared with wild type (Figure 4C). We then mea-
sured the changes in NMII spot density and intensity over time, as 
previously done for wild type. When LET-502 is depleted, the den-
sity and intensity of NMII spots during the maintenance phase (t = 
−200–0 s) in the posterior are higher than in wild type (Figure 4D). 
The higher NMII values are likely due to the lower flow velocity in 
let-502 RNA (Figure 4C). Lower flow velocities would compress the 
cortex less resulting in a larger anterior cap. This larger cap would 
then overlap with the posterior where the ring forms (Figure 4B). 
NMII in the anterior cap is first cleared from where it overlaps with 
the posterior half of the cell before the ring assembles (Figure 4D; 
Materials and Methods). At the anterior side of the cell during the 
end of the maintenance phase, the drop in NMII spot density starts 
about 100 s earlier than in wild type. Later on, LET-502 depletion 
reduces NMII spot density and intensity in the ring (Figure 4D). 
These observations are consistent with the known role of LET-502 as 
an activator of NMII activity via phosphorylation of MLC-4 (Piekny 
and Mains, 2002) and its role downstream of RHO-1 (Green et al., 
2012). To conclude, these data suggest that the specific function of 
LET-502 is to keep NMII filament density high in the anterior cap 
during the maintenance phase—alongside CDC-42 (Schonegg and 
Hyman 2006)—and then to recruit new NMII filaments at the equa-
tor during the assembly of the ring and to assemble more NMII 
motors to them.

For mel-11 RNAi, imaging also revealed phenotypes that con-
firmed that the RNAi was effective after 25–29.5 h of knockdown 
(Supplemental Data). For example, there was a shorter actomyosin-
rich anterior cap during the maintenance phase (Figure 4B) and PIV 
analysis of the flow phase indicated an increase in vx (Figure 4C). 
This is consistent with the known role of MEL-11 as a repressor of 
myosin activity (Piekny and Mains, 2002). We then measured the 
changes in NMII spot density and intensity over time, as previously 
done for wild type. This showed no large changes in NMII spot den-
sity and a drop in NMII spot intensity in the posterior compared with 
wild type (Figure 4D). Paradoxically, this decrease was similar to the 
let-502 phenotype, although not to the same extent. This result is 
not consistent with the expected role of MEL-11 as a negative regu-
lator where an increase in NMII recruitment would be expected to 

lead to an increase in myosin density compared with wild type. We 
hypothesized that this might be a consequence of a loss of MEL-11 
activity during the flow phase which then indirectly affects the as-
sembly of the ring by interfering with the dynamics of NMII disas-
sembly in other regions.

A pool of free NMII in the cytoplasm
To investigate this hypothesis, we applied the following logic: let-
502 and mel-11 RNAi might influence the amount of NMII at the 
future site of division due to the way NMII moves from the anterior 
cap to the equator. NMII might be released from the anterior cap 
into the cytoplasm where it might form a pool of free motors that 
then assemble into the cytokinetic ring. To test if this was the case, 
we examined images of the cytoplasm at a depth of 10 µm below 
the cortical plane, approximately in the middle of the cell. These 
images were acquired simultaneously with the images of the cortex 
used in previous analyses. These images show that there is a GFP 
signal in the cytoplasm that is brighter than the background signal 
outside of the cell (Figure 5 and Supplemental Figure S4). Small 
NMII spots are also visible in the cytoplasm (Figure 5A and Supple-
mental Figure S4, arrowheads) that has a similar size and brightness 
to those in the cortex (arrows), which can be seen at the periphery 
of the cell. We conclude that the cytoplasmic signal consists of two 
populations of molecules: 1) uniformly localized NMII that, most 
likely, consists of freely diffusing NMII motors and 2) NMII spots that 
are likely filaments that are either free in the cytoplasm or transiently 
bound to actin or other cytoplasmic structures (Supplemental Data).

A cytoplasmic pool of free motors is the source of NMII for 
the cytokinetic ring
We hypothesized that there might be an exchange of NMII between 
the cortex and the cytoplasm because of the following observa-
tions. The decrease in the NMY-2::GFP intensity and density in the 
anterior only occurs at about 50 s after the start of ring assembly. 
This is about 50 s before we observed an increase in NMII density 
and intensity in the posterior (Figure 2). If the NMII that is assembled 
into the ring does not come from the anterior cap then it might 
come from the cytoplasm. We set about to test this hypothesis by 
looking in more detail at the cytoplasmic pool of NMII. We first 
quantified the total amount of NMII in the cytoplasm. To do this, we 
measured the total fluorescence intensity of NMY-2::GFP in a rect-
angular region in the cytoplasm of images of the midplane, avoiding 
the periphery of the cell where the signal from the cortex perpen-
dicular to the imaging plane can be seen (Figure 5B, inset). To coun-
teract large embryo-to-embryo variability, the intensity values were 
normalized relative to the value at t = 0, meaning that the graphs 
represent a fold change in intensity relative to that time. This showed 
that the total NMY-2::GFP intensity is relatively high and varies only 
slightly for the 200 s before the onset of ring assembly (Figure 5B 
and Supplemental Data). Then, the cytoplasmic NMY-2::GFP inten-
sity falls steeply during the 50 s after the onset of the assembly of 
the ring and thereafter remains low (Figure 5B). This represents the 
time during which there is a large increase in NMII spot density and 
intensity in the cortical plane at the equator (Figure 2). In conclusion, 
the precise timing of the decrease in NMII in the cytoplasmic pool 
simultaneously with the increase in NMII in the cortex (Figure 2), in-
dicates that the NMII needed to build the ring comes from the free 
pool of motors in the cytoplasm.

To quantify the number of NMII spots in the cytoplasm, we seg-
mented the images and counted the number of spots per unit area. 
To do this, we used the Ilastik image segmentation algorithm (Berg 
et al., 2019) which was trained to identify spots in the cytoplasm but 
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FIGURE 4: Regulators of NMII activity affect the cortical dynamics and the assembly of the ring. (A) Scheme of the 
function of LET-502 and MEL-11. MEL-502 is activated by RHO-1 which in turn activates NMII by phosphorylating its 
RLC MLC-4 (purple circle). This converts inactive NMII (red) to the active conformation (green). MEL-11 deactivates 
NMII by removing the phosphate on MLC-4 and returning NMII to its inactive conformation. (B) microscopy images of 
cells during the maintenance phase subjected to RNAi against let-502 and mel-11. The localization of NMY-2::GFP 
(green) and LifeAct::mKate (magenta) is shown for the two RNAi conditions and wild type. Scale bar: 10 µm; yellow 
box, the size of the anterior cap. (C) PIV quantifying the flow of the cortex along the AP axis (Vx) in the posterior for 
the three conditions. Error bars: mean ± SD. (D) The NMII spot density per µm2 of the cortex is plotted over time for 
regions in the anterior and posterior (insets) for let-502 RNAi (blue) and mel-11 RNAi (red) compared with wild type 
(green). NMII spot fluorescence intensity is plotted in the same way. Time is relative to the start of the assembly of 
the ring; line and shaded area, mean ± SD; dotted line, average for time points which were not covered by all 
repeats.
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to exclude the cortical NMY-2::GFP signal (Figure 5A). We then 
counted the number of NMII spots per unit area of an image and 
converted this to a volume assuming a thickness the optical section 
of ∼0.56 µm (Materials and Methods). As before, these measure-
ments were made for the period between the end of maintenance 
phase and the assembly of the ring (Figure 5C). These data show 
that the number of cytoplasmic NMII spots is 0.1 counts/µm3 at 200 
s before the assemble of the ring. The number of NMII spots then 
drops until it reaches approximately 0.01 counts/µm3 about 30 s 
before the ring starts to assemble (Figure 5C). This suggests that 
NMII filaments in the cytoplasm disassemble into free NMII motors 
or binding back to the cortex as the cell cycle continues. As we ob-
serve a low number of NMII spots, we conclude that this does not 
provide a significant source of NMY-2 for the ring.

Cytoplasmic NMII forms an anteroposterior gradient
Having shown that there are temporal changes in cytoplasmic NMII, 
we wanted to know if there are also spatial changes in NMII. Indeed, 
the images of the midplane show that the cytoplasmic NMY-2::GFP 
signal and the number of NMII spots in the cytoplasm seemed to be 
higher at the anterior (Figure 5A and Supplemental Figure S5). To 
quantify this, we measured the intensity of NMY-2::GFP in the cyto-
plasm along the AP axis. To do this, we divided the cytoplasm into 
18 bins along the AP axis and masked out the cortex at the periph-
ery of the cell and the part of the cytoplasm where the spindle forms 
(Figure 5A). We measured the absolute values of NMY-2::GFP signal 
per unit area for a time point 60 s before the onset of ring assembly, 
a time when cortical concentrations of NMII are stable. This showed 
that there is a cytoplasmic gradient with the highest NMII concen-
tration at the posterior edge of the anterior cap and (in bin five), 
consistent with previous observations of this enrichment driven by 
cortical flows (Munro et al., 2004). NMII concentrations then 
dropped before reaching a trough at the 17th bin (Figure 6A). The 
response of the cytoplasmic NMY-2::GFP concentration has a com-
plex spatial pattern that could be fitted with a fourth-order polyno-
mial. Plotting the tangent of the fit at the inflection point between 
the peek and trough gives a reasonable estimate of the slope 
(Figure 6A). This gradient is most likely established because higher 
concentrations of NMII at the anterior cap mean more motors are 
released into the cytoplasm at the anterior side. To test if the dy-
namics of actomyosin affected the cytoplasmic gradient, we inter-
fered with actin polymerisation with the drug Latrunculin A and 
looked for changes in the localisation of NMII in the cytoplasm. The 
drug treatment lead to the disassembly of the anterior cap and 
abolished the cytoplasmic NMII gradient (Supplemental Figure S6 

FIGURE 5: Quantification NMY-2::GFP reveals changes in NMII 
concentration around the time the ring assembles that is affected by 
RNAi of let-502. (A) Spinning-disk microscopy images of NMY-2::GFP 
of the midplane of one-cell C. elegans embryos during the 
maintenance phase and during assembly of the cytokinetic ring. 
Dashed white boxes show where the NMY-2::GFP signal is excluded 
from the pronucleus (maintenance phase) and enriched in the spindle 

(assembly of the ring). The output of the segmentation of cytoplasmic 
is show which robustly identifies cytoplasmic NMII spots (arrowheads) 
and can distinguish them from cortical NMII in the plane 
perpendicular to the imaging plane (arrows). Scale bar: 5 µm; time is 
relative to the start of the assembly of the ring as judged for the 
cortical plane; A, anterior pole of the cell; P, posterior pole. (B) The 
average pixel intensity for cytoplasmic NMY-2::GFP at midplane 
plotted over time for wild type (green), let-502 RNAi (blue), and 
mel-11 RNAi (red). The data are for a rectangular ROI covering the 
whole AP axis but excluding the cell periphery (inset). Intensity values 
are normalized such that the intensity during the maintenance phase 
(t = −150) is 1, meaning that the data represent the relative change in 
NMY-2::GFP intensity over time. (C) The NMII spot density per unit 
volume of the whole cytoplasm plotted over time calculated from the 
spot mask. Dashed line, 0.01 counts/µm3.
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and Supplemental Data) establishing a link between the cortical and 
cytoplasmic NMII gradients.

Regulation of NMII activity via Rho signaling mediates 
exchange of myosin between cortex and cytoplasm
If the levels of NMII in the cortex are regulated by LET-502 and MEL-
11 and there is exchange between cortical and cytoplasmic pools of 
NMII, then one would expect these two regulators also to affect the 

dynamics of NMII in the cytoplasm. We hypothesized that exchange 
between these two pools of NMII might explain changes in the cy-
toplasmic NMII and could explain the unexpected results where 
mel-11 RNAi resulted in a drop in NMII recruitment during ring as-
sembly despite it being a negative regulator of NMII activity (Figure 
4D). To test if this was the case, we analyzed the cytoplasmic NMY-
2::GFP intensities in embryos subject to RNAi of these two regula-
tors (Figure 5, B and C). The RNAi of mel-11 did not affect the drop 
in cytoplasmic NMY-2::GFP intensity during assembly of the ring 
(Figure 5B). In contrast, RNAi of let-502 shows a much slower drop 
in the cytoplasmic intensity reaching low levels only after about 
250 s after ring assembly starts compared with 20 s in wild type 
(Figure 5B). This shows that LET-502, alongside being required for 
the increase in cortical NMII at the equator, is also required for the 
concomitant drop in NMII in the cytoplasm. From this we propose 
that LET-502 is active during assembly of the cytoplasmic ring, con-
sistent with its general role as an activator of NMII (Piekny and 
Mains, 2002). Next, we looked at the NMII spot density in the cyto-
plasm for the two RNAi conditions. For let-502 RNAi, the cytoplas-
mic density of NMII spots is similar to that of wild type (Figure 5C). 
In contrast, the drop in the NMII spot density is delayed in mel-11 
RNAi compared with wild type, reaching 5 × 10−3 at around 50 s af-
ter the assembly of the ring starts, representing a delay of approxi-
mately 80 s (Figure 5C). We propose that MEL-11 also acts around 
the time of ring assembly to deactivate cytoplasmic NMII filaments 
and release free NMII motors into the cytoplasmic pool, consistent 
with its general role as inhibitor of NMII (Piekny and Mains, 2002).

If LET-502 does predominantly act to assemble NMII filaments at 
the ring and MEL-11 to release free NMII motors, then we would 
expect RNAi of these two regulators to affect the cytoplasmic gradi-
ent of NMY-2. To test if this was the case, we again plotted the raw, 
nonnormalized NMY-2::GFP intensity values. We plotted NMY-
2::GFP intensities along the AP axis 60 s before the onset of ring 
assembly for the two RNAi conditions. The data plotted in this man-
ner allow the comparison of raw intensity values between RNAi con-
ditions and wild type. The two RNAi treatments affect the pattern of 
cytoplasmic NMY-2::GFP concentration. When MEL-11 and LET-502 
are depleted, the distributions of cytoplasmic NMII are shifted 
toward the anterior and posterior, respectively (Figure 6A). These 
effects are likely due to the changes in cortical flow speed during 
the flow phase (Figure 4C). More significantly, the general trend for 
the NMY-2::GFP concentration is that fluorescence intensity values 
are lower in the absence of MEL-11 and higher in the absence of 
LET-502. Evidence for this can be observed most clearly in bin 10 
which is the position along the AP axis where the ring is about to 
form and therefore the point in the cytoplasm from which motors 
will be recruited into the ring. Here the NMY-2::GFP intensity is sig-
nificantly lower when mel-11 is subject to RNAi and significantly 
higher for let-502 compared with wild type (p = 0.0011 and p = 
0.0138, respectively; Figure 6B). From this we conclude that the role 
of LET-502 is to keep NMII motors in the active state and bound to 
the cortex thereby keeping cytoplasmic concentrations low. When 
LET-502 is depleted, less NMII motors enter the cytoplasmic pool 
which increases concentrations locally which in turn affect global 
concentrations via diffusive flux. Similarly, the role of MEL-11 is to 
deactivate NMII motors and remove them from the cortex thereby 
keeping cytoplasmic concentrations high. When MEL-11 is de-
pleted by RNAi, more motors remain bound to the cortex and which 
lowers the cytoplasmic concentration. This result also explains the 
observation that, despite being a negative regulator of NMII activity, 
MEL-11 depletion slows down the recruitment of NMII to the ring. 
This is because the lower cytoplasmic NMII concentration seen in 
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FIGURE 6: The gradient and NMII concentrations in the cytoplasm 
are affected by RNAi of let-502 and mel-11. (A) Nonnormalized pixel 
intensity values for NMY-2::GFP in the cytoplasm for 18 spatial bins 
along the AP axis (inset) for the time point 60 s before the onset of 
ring assembly. The values are for the total pixel intensities including 
the diffuse signal and the spots (inset). The mean and SD of the data 
are plotted for wild type in green (solid line, mean; shaded area, ± 
SD), let-502 RNAi in blue and mel-11 RNAi in red. Each dataset was 
fitted with a fourth-order plolynomial (dashed line), and the gradient 
was measured by calculating the gradient at the point of inflection 
(open circle). (B) Bar chart of the NMY-2::GFP intensity at the site of 
the future division plane (corresponding to bin 10 in panel A).
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mel-11(RNAi) would decrease the rate that NMII binds to the cortex 
at the site of the ring. In summary, data on how LET-502 and MEL-11 
affect the dynamics of NMII suggest that the role of these two regu-
lators is to act in a coordinated way to fine-tune the gradient of NMII 
in the cytoplasm down which NMII motors might move via diffusive 
flux to the sight of the cytokinetic ring.

DISCUSSION
High-resolution imaging of the cortex showed individual spots of 
NMII binding to the cortex, growing in brightness, and unbinding 
from the cortex of the C. elegans one-cell embryo. Quantification 
of the density of these NMII spots and their intensity indicate that 
new NMII filaments form at the cortex during the assembly of the 
cytokinetic ring, and that pre-existing NMII filaments that are al-
ready bound to the cortex grow by the addition of additional NMII 
heterohexamers. These dynamics are consistent with the mode of 
activation of NMII by phosphorylation of its RLC downstream of 
RhoA/RHO-1 as already shown (Lecuit et al., 2011; Tse et al., 
2012). Such dynamics have previously been observed in the lamel-
lar of cultured cells using superresolution microscopy (Beach et al., 
2017). We also observe NMII filaments dividing. This offers the cell 
another mechanism to increase the number of filaments in the cor-
tex. The division, or partitioning of NMII filaments, has been seen 
in the cortex of cultured cells and may happen because of steric 
hindrance between NMII heads in large filaments by templated 
nucleation or because higher pulling forces in larger NMII fila-
ments pull filaments apart (Fenix et al., 2016; Beach et al., 2017; 
Burnette et al., 2020). The latter might be the favored mechanism 
in the C. elegans cortex because we observe spots moving apart 
along filaments of actin. These three factors (NMII filament recruit-
ment, growth, and division) increase the total amount of NMII in 
the cortex which, in turn, increases cortical tension and ultimately 
generates the force to constrict the membrane.

The increase in both the number of NMII filaments bound to the 
cortex and the number of NMII motors in each filament represents 
two ways the cell can control the behavior of the cortex, given that 
NMII filaments can act both as a cross-linker and as a motor protein 
(Maddox et al., 2007; Ding et al., 2017; Descovich et al., 2018). 
First, increasing the number of filaments bound to the cortex in-
creases the level of cross-linking between actin filaments. Second, 
changing the number of NMII motors per filament increases the 
pulling forces it can exert on the actin network. The biochemical 
activation of NMII offers a possible explanation for the mechanism 
behind the concomitant increase in the number and size of NMII 
filaments (Fenix et al., 2016). A proportional increase of NMII fila-
ment number and size might be governed by the common mode 
of NMII activation downstream of RHO-1 (Lecuit et al., 2011; Tse 
et al., 2012). The increase in number and size of NMII filaments 
would be relevant for the function of the actomyosin cortex in the 
cell because it would change the physical properties of the cortex 
by modulating its tension, stiffness, or viscoelastic properties 
(Salbreux et al., 2012). If NMII filament size increased while their 
density remained low, the resulting increased cortical tension due 
to higher motor activity might lead to cortical tearing (Chanet et al., 
2017). In contrast, if NMII filament density increases while their size 
remained low, then the cortex would be more cross-linked and 
therefore become too stiff to constrict (Maddox et al., 2007; Ding 
et al., 2017; Descovich et al., 2018). Therefore, our data suggest 
that the cell tunes the increase in NMII filament density and inten-
sity such that the force generated can be effectively propagated 
through the cortex to ensure successful furrow ingression (Alvarado 
et al., 2013). Further work is needed to validate this mode of action 

in C. elegans and our quantitative data would be valuable for theo-
retical models of how such forces generated at the cortex could 
lead to smooth ingression.

The sharp increase in NMII filament density and intensity as the 
ring starts to assemble indicates that this process is regulated. We 
show that two proteins in the RhoA/RHO-1 pathway influence this 
process consistent with their known role in regulating NMII (Piekny 
and Mains, 2002; Maddox et al., 2007; Kumfer et al., 2010; Lewellyn 
et al., 2018). These two proteins are the C. elegans orthologs of the 
Rho-dependent kinase, LET-502, and the myosin phosphatase, 
MEL-11 (Wissmann et al., 1997; Piekny et al., 2003). LET-502 and 
MEL-11 likely function together with other factors known to influ-
ence the cortex in the one-cell embryo, namely, another Rho family 
member, CDC-42 (Dechant and Glotzer, 2003; Kumfer et al., 2010). 
We show that LET-502, an activating kinase, positively regulates the 
speed of the cortex during the flow phase (Nishikawa et al., 2017). 
In contrast, MEL-11, an inhibitory phosphatase, negatively regulates 
the speed of the cortex during the flow phase. Together, these two 
regulators fine-tune the distribution of NMII in the anterior cap 
during the maintenance phase. This then indirectly influences the 
assembly of the ring via the cytoplasmic pool of NMII motors (as 
discussed below). Additionally, these two regulators act during the 
period between the end of maintenance phase and the start of ring 
assembly; MEL-11 is required to deactivate NMII motors at the 
anterior cap causing NMII filaments to unbind from the cortex and 
disassemble to release NMII motors into the cytoplasm. As the ring 
assembles, LET-502 is required to activate NMII, recruiting NMII 
motors to the cortex at the equator to build the cytokinetic ring.

A key result of our work is the observation and quantification of a 
pool of free NMII in the cytoplasm. Models of this behavior have 
previously been proposed by Beach et al. (2017) who observed NMII 
assembly in tissue culture cells at superresolution and concluded 
that activation of NMII assembly in different compartments (lamellar 
cortex and stress fibers) of the cell competes for a pool of free NMII. 
We confirm that this is the case and build on this by directly imaging 
and quantifying the pool, which is possible in C. elegans due to the 
separation of compartments we image compared with the crowded 
cytoplasm of fibroblast lamella (Beach et al., 2017). In the case of C. 
elegans, this pool consists of NMII filaments that have likely been 
released from the anterior cortex which then disassemble into NMII 
motors, as well as motors that are released from NMII filaments still 
bound to the cortex. This is consistent with NMII being in dynamic 
exchange with NMII filament bound to the cortex (Fenix et al., 2016; 
Gross et al., 2018; Leite et al., 2020). This pool is also dynamic and 
has a spatial pattern. The concentration of NMII in the cytoplasm is 
higher in the anterior and lower in the posterior and the global con-
centration of NMII in the cytoplasm decreases precisely as the ring 
assembles. This tight temporal correlation between the drop in cyto-
plasmic NMII concentration and the increase in cortical NMII con-
centration shows that this cytoplasmic pool is a source of NMII to 
make the cytokinetic ring. More interestingly, the cytoplasmic pool 
also acts as a path through which NMII motors can move presumably 
via diffusive flux down a concentration gradient as previously pro-
posed (Billington et al., 2013).

Combining our data with that from other labs leads us to pres-
ent the following model for the behavior of the cortex (Figure 7). 
During the flow phase, cortical NMII flows from posterior to ante-
rior and establishes the anterior cap (Piekny and Mains, 2002; 
Jenkins et al., 2006; Pacquelet, 2017). During the maintenance 
phase, this level of NMII is kept high through the action of CDC-
42 (Motegi and Sugimoto, 2006; Schonegg and Hyman, 2006; 
Kumfer et al., 2010). The higher concentration of NMII at the 
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anterior cap increases the rate at which NMII leaves the cortex 
there, thereby establishing a cytoplasmic gradient of NMII. Dur-
ing ring assembly, the balance of NMII activation changes (Bring-
mann and Hyman, 2005; Wolfe et al., 2009; Green et al., 2012). 
At the anterior, MEL-11 activity dominates, deactivating NMII in 
the cortex at that side of the cell. This causes NMII motors to dis-
sociate from NMII filaments and be released into the cytoplasm. 
NMII filaments are also released from the cortex into the cyto-
plasm where they then disassemble to release NMII motors. 
Cytoplasmic NMII then moves by diffusing down a NMII concen-
tration gradient toward the future division plane. As RHO-1 

activates ring assembly via LET-502, NMII is locally recruited from 
the cytoplasm at the equator, concomitantly depleting the cyto-
plasmic pool of free NMII. Recruitment of NMII from the cyto-
plasm to the cortex at the equator then leads to an increase in 
the number and size of NMII filaments at the site of the future 
division plane, which generates the force to ingress the cytoki-
netic ring (Figure 7). This shows that at the scale of the whole cell, 
the actomyosin cortex consists of spatially separated areas where 
NMII activity is differentially regulated, and that these areas com-
municate with each other via a freely diffusing pool of inactive 
motors in the cytoplasm (Billington et al., 2013). We suggest that 
a similar mechanism might be in action in other cytoskeletal sys-
tems, for example, stress fibers in fibroblasts that have been 
shown to undergo turnover (Hu et al., 2017) or in the lamella of 
HeLa cells where it has been proposed that NMII is recycled 
(Breckenridge et al., 2009).

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Strains
C. elegans was propagated using standard methods (Brenner, 
1974). Briefly, nematodes were cultured on OP50-seeded NGM 
plates at 20°C. For microscopy, animals were dissected in M9 buffer 
and then embryos were mounted between a pad of 2% agarose and 
a coverslip, a method known to compress the embryos slightly 
(Pimpale et al., 2020). Imaging NMII and actin was performed using 
a dual-colored line called SWG007 expressing NMY-2 fused to GFP 
from its native promotor at its endogenous location (Dickinson 
et al., 2013) and the actin binding protein Lifeact fused to mKate2 
expressed from a germline-specific promoter at an ectopic locus 
(Reymann et al., 2016): nmy-2(cp8 [nmy-2::GFP unc-119+]) I; 
gesIs001 [Pmex-5::Lifeact::mKate2:: nmy-2UTR, unc-119+].

RNAi knockdowns
Knockdowns were performed by feeding staged, L4 hermaphro-
dites with bacteria expressing the RNAi vector expressing the ap-
propriate genomic fragments (Timmons et al., 2001). Worms were 
grown on AGM agar plates containing 1 mM Isopropyl β-d-1-
thiogalactopyranoside and 25 µg/ml carbenicillin seeded with bac-
terial clones from the Ahringer lab (supplied by Source Bioscience; 
Kamath and Ahringer, 2003). Nematodes were fed for 25–29.5 h for 
MEL-11depletion and 28–29.5 h for LET-502 depletion.

Latrunculin A treatment
The eggshells of early embryos were permeabilized with a perm-1 
(RNAi) (Carvalho et al., 2011). Nematodes at the fourth larval stage 
were grown on RNAi plates for 16 h at 20°C and then adult nema-
todes were dissected in 10 µl Shelton’s growth media (SGM; Shelton 
and Bowerman, 1996) to prevent the permeabilized embryos from 
lysing due to osmotic shock. Embryos were mounted between a 
microscope slide and an 18 × 18 mm coverslip using 25-µm beads 
as spacers to make a small chamber (Yan et al., 2021). A short time-
lapse movie was recorded of untreated embryos until cortical flows 
had started. Then 20 µl of SMG with 10 µg/ml Latrunculin A were 
flowed into the mounting chamber. The effect of the drug was then 
followed with longer time-lapse imaging.

SI TIRF and spinning-disk imaging
Confocal movies were acquired with a Nikon Eclipse Ti spinning-
disk, confocal microscope with an Apo TIRF 100× oil objective 
lens (NA 1.49), a Yokogawa CSU-X spinning-disk scan head, and a 

FIGURE 7: Scheme of cortical and cytoplasmic actomyosin in the 
one-cell C. elegans embryo. The distribution and assembly of 
actomyosin in the cortex and cytoplasm are represented during the 
maintenance phase and during ring assembly. Actin filaments are 
represented by pink rods and NMII are green sticks. The cytoplasmic 
concentration of NMII is represented by varying intensities of green. 
The arrows represent a dynamic exchange of NMII filament binding to 
and unbinding from the cortex. Cytoplasmic NMII becomes 
deactivated resulting in NMII filaments disassembling into free NMII 
motors (curly green sticks) which are then free to diffuse. We propose 
that MEL-11 promotes the disassembly of NMII at the anterior cap 
during the maintenance phase. This enriches NMII in the posterior 
half of the cytoplasm. In the posterior, the cortical concentration is 
low because of the movement of NMII to the anterior during flow 
phase, resulting in a lower off rate of NMII detaching from the cortex 
there. These two factors establish a cytoplasmic gradient of NMII that 
is high in the anterior and low in the posterior. Free motors in the 
cytoplasm can diffuse down the concentration gradient (zig-zag 
arrow) to the site of the future division plane. During ring assembly, 
LET-502 actives NMII, recruiting it to the ring thereby depleting 
motors from the cytoplasmic pool. Free motors assemble into 
filaments that bind to the cortex or are added to filaments that are 
already bound.

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e21-12-0599


12 | F. R. Najafabadi et al. Molecular Biology of the Cell

Hamamatsu ORCA-Flash4.0 CMOS camera. A 488-nm laser (5mW 
power with a 525/50 bandpass emission filter) and a 561-nm laser 
(of 2 mW power with a 568-nm long pass filter) were used, respec-
tively, for imaging GFP and mKate.

The thickness of the optical section for this microscope setup 
was calculated to be 0.5649 µm by considering the full width at half 
maximum of the point spread function along the axial direction 
according to Naredi-Rainer et al. (2013),
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where λAV is an average of the excitation (λAV) and emission (λAV) 
wavelengths and given by
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where n is the refractive index for the immersion oil used (1.51), NA 
is the numerical aperture of the lens (1.49), and PH is the diameter 
of the pinhole as it appears in object space (0.4550 µm using a spin-
ning disk with pinhole diameters of 50 µm; Naredi-Rainer et al., 
2013).

Superresolution images were acquired with a DeltaVision OMX 
SR in its SI TIRF mode with a pco.edge 5.5 sCMOS camera and an 
Olympus PlanApo 60× oil objective lens (NA = 1.42). Immersion oil 
of 1.516 refractive index was used. In this imaging mode, nine im-
ages were acquired for each frame in each channel. The nine expo-
sures per frame were aligned and reconstructed using the softWoRx 
software. The 488-nm laser (with a 528/24 emission filter, 7-ms ex-
posure time—for a single image—and 75% of the laser power) was 
used for imaging GFP-labeled filaments. mKate was imaged by a 
561-nm laser (with a 609/18.5 emission filter and 20-ms exposure 
time with 50% laser power or 25-ms exposure time with 40% laser 
power). The shortest possible time intervals of 0.4 s for two channel 
movies and 90–100 ms for one channel movies were used.

Image preprocessing
Movies of the embryos were rotated in Fiji (Schindelin et al., 2012) 
such that their AP axis was horizontal with the posterior side on the 
right. The first frame where the NMY-2::GPF intensity in the equator 
increased above baseline was set as the time when ring assembly 
started. This time was used for temporal alignment of movies for 
later processing. A mask of the largest rectangular region of the 
cortex in spot was drawn manually and, depending on the analysis, 
subdivided into anterior side and posterior halves, divided into 10 
or 18 equally sided bins along the AP axis, or divided into a region 
where the cytokinetic ring formed. For the data let-502 RNAi in 
Figure 4D, the anterior cap extends into the posterior half of the cell 
and therefore overlaps with the equator where the ring forms giving 
rise to the unexpectedly high values seen in the posterior ROI (see 
Figure 4B).

NMII spots segmentation and tracking
Individual NMII spots were segmented and their position was 
tracked over time using a customized version of the Mosaic Particle 
Tracker plugin in Fiji (Sbalzarini and Koumoutsakos, 2005). Mosaic 
calculates the intensity of particles as the sum of the raw intensities 
of a fixed number of pixels allocated to each particle. For the parti-
cle detection in spinning-disk images, a radius of 3 pixels was set 
and particles falling below the upper sixth percentile of all pixel in-
tensities were excluded. For SI TIRF images these values were set to 

2 pixels and 2%, respectively. The particles were linked together 
between different frames to make tracks. To do this, the algorithm 
of Brownian motion dynamics and a cutoff score of 0 were used 
throughout. Other parameters we set individually for each acquisi-
tion are as follows. For spinning-disk images with 100-ms intervals, 
a link range of three frames and a displacement of 2 pixels were 
used. For images with 5-s intervals, these parameters were set to 
three frames and 2 pixels. For SI TIRF images, a link range of two or 
three frames and a displacement of 1 or 10 pixels were used for im-
ages with 90-ms or 2-s intervals, respectively. The position and pixel 
intensity parameters for all detected NMII spots in each movie were 
listed together with their respective frame and trajectory number 
and then exported as a text file and analyzed as described below.

Image analysis
Data were analyzed using custom functions written in MATLAB ver-
sion 9.6.0.1214997 (R2019a) Update 6 (MathWorks, Natick, MA). 
The NMII spot density and average intensity were calculated from 
the Mosaic output file. The density of the NMII spots in each ROI (or 
each bin along the AP axis) is the number of detected spots divided 
by the area of that ROI (or bin). The densities in each ROI (or bin) are 
averaged over all embryos of a condition (e.g., RNAi condition). 
NMII spot intensity is the sum of the intensity values of the pixels 
identified as particles, these values were then averaged over all 
spots in a spatial bins for all the embryos of a condition. NMII spot 
trajectories from SI TIRF movies are used only when the intensity is 
analyzed for a single spot over time (for example, for color-coded 
tracks) because the image reconstruction of SI TIRF microscopy ren-
ders the intensity value incomparable between samples. For cyto-
plasmic NMII intensity, the cell was first divided into ROIs according 
to the analysis needed, and then the mean intensity per pixel of the 
ROI was calculated. ROIs were made either with a custom MATLAB 
script and then divided into bins along the AP axis or as hand-drawn 
masks or masks made using the Ilastik image segmentation algo-
rithm (Berg et al., 2019) which were then read by custom MATLAB 
scripts.

Colocalization of NMII and actin in the cytoplasm
Images of NMY-2::GFP and mKate::Lifeact were taken simultane-
ously with the images of these proteins in the cortical plane (Figure 
1, A–D). The background was subtracted using the rolling ball 
method (100 pixels) and then denoised (theta = 6) and the bright-
ness and intensity were adjusted in Fiji (ImageJ version 2.0.0-rc-
65/1.51v, 2018; Schindelin et al., 2012). Unprocessed images were 
used to calculate a Pearson, linear correlation coefficient (using the 
“corr” command in MATLAB) between pixel intensity values from 
the NMY-2::GFP and mKate::Lifeact channels.

PIV
Cortical flow velocities were measured by performing PIV on the 
actin channel of the two-channel spinning-disk movies. To calculate 
the velocity, the PIVlab MATLAB algorithm was used (version 1.4, 
Thielicke and Stamhuis, 2014). A three-pass PIV was performed with 
a final interrogation window of 64 × 64 pixels and a final step size of 
32 pixels. The flows were analyzed over 50–100 s after the onset of 
the ring formation. In 10 bins along the AP axis, cortical velocities 
were averaged spatially for each frame and then over all time frames 
for each embryo. Values were then averaged over all embryos in 
each condition and plotted for the posterior bins. To measure the 
flows during ring ingression, the PIV was performed as above ex-
cept for the NMY-2::GFP channel for the period from maintenance 
phase to cytokinesis. The flow velocities are presented as vectors 
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showing the magnitude and direction of net flow overlaid on the 
microscopy picture.
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